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Abstract 
The basic quantities of current and voltage are difficult to measure directly at microwave 
frequencies; therefore power becomes a crucial parameter. Design, operation and purchase of 
any RF or microwave equipment and measurement of microwave signals are enhanced by 
knowledge of the power [1]. So it is important to have accurate power-measuring standards at 
all frequencies. There are many potential applications being developed at millimetre-wave 
and sub millimetre wave frequencies. The need for a power measurement unit and associated 
standards at these high frequencies is the motivation for this research project. 
This thesis looks at the design of a waveguide bolometer that is suitable for a power detector. 
The bolometric method measures microwave power by converting it into heat. It measures 
power by using a resistance changing heat sensitive element and usually a bridge circuit to 
read out accurate resistance change, due to the absorbed power. In order to investigate the 
theory, the heat sensing element is initially modelled here as an inductive metal post located 
at a specific position in a rectangular waveguide. The parameters are determined by using 
analytical equations and transmission line theory. Full wave electromagnetic simulation 
software is used to design a structure accurately based on the theory. The results are 
compared with those derived from calculations. A thin film heat sensing element in a 
rectangular waveguide is also considered and a sensor element is designed. The results of 
simulation for the thin film design validate the theory and show good power absorption at the 
centre frequency of operation. The ultimate aim is to have a bolometer operating at the higher 
frequency bands in WR3 and WR6 waveguides, made using micro machining technology; 
however, in this thesis they are modelled at X-band (8.2-12.4 GHz).  
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CHAPTER 1- INTRODUCTION 
 
1-1 Introduction to power detection 
 
At microwave frequencies, above a few tens of GHz the basic quantities of current and 
voltage are difficult to measure directly; therefore power has become a crucial parameter in 
this region of the radio-frequency spectrum. Design, operation and purchase of any RF or 
microwave equipment is enhanced by measurements and knowledge of power [1]. 
 
In microwave applications there is always transmission and reception of signals [2]; therefore 
the signal power level is important, since the components within the microwave equipment 
are designed to receive a specific amount of power and pass it to the subsequent component. 
Lack of knowledge about power affects these components and consequently the overall 
performance of devices and systems. Power can also affect the price of a microwave device. 
For instance, a transmitter with more output power is generally more complex and therefore it 
will be more expensive [3]. 
 
Many of the measurements in microwave circuits are carried out at powers up to several 
watts; therefore it is important to have accurate power-measuring standards at all frequencies 
in the millimetre and sub-millimetre wave range [4]. Some work has already been carried out 
with this aim in view; for example, the vibration wattmeter by Cullen and French [5], but a 
simple method suitable for general use is still an important requirement [6]. Developments in 
semiconductor technology and thin film techniques have greatly affected the evolution of 
commercial power detectors [7]. 
16 
 
 
The power measurement device should be designed in a way that can be connected to the 
device under test directly. It should remain matched to the transmission line at all the 
frequencies of operation. Ideally the power meter is matched without use of any impedance 
transformers or other adjustments [2]. Power sensors can have problems such as poor 
sensitivity, slow response time, poor impedance match and calibration. Usually all of these 
problems are worse as the frequency increases. Currently there are some convincing 
commercial sensors available for frequencies up to 110 GHz, but for higher frequencies there 
are no fully satisfactory measurement options [4]. 
 
This thesis is concerned with waveguide power detectors. Various methods for waveguide 
power measurement were developed in the 1930s; they have changed a little over the years 
and are still in common use today. The choice of the power sensing method depends on the 
type of signal to be measured and the particular application [8]. There are a variety of power 
meters in existence of different forms and complexities [9]. Some of the existing instruments 
for microwave power measurement are calorimeters, diode detectors, thermocouples and 
bolometers [3]. Each of these instruments is suitable to measure a specific range of signal 
levels; for instance water calorimeters and bolometers can be used for measuring high powers 
and low powers respectively [10]. Calorimeters and bolometers are methods that have high 
accuracy but are complicated and thus complex for general use [2]. Therefore, the 
instrument’s limitations and the pros and cons of each instrument, compared to its 
alternatives, should also be taken into consideration when choosing the right instrument for a 
specific purpose. 
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There are many areas where millimetre and submillimetre wave technology is applied; this 
includes astronomy, medical diagnosis, satellite communications and imaging. All these areas 
require valid knowledge of power in order to be able to function and progress and they could 
benefit from an accurate linear power meter [11] [12]. 
 
1-2 Bolometric approach 
 
A suitable approach in measuring microwave power is to use methods that are based on 
converting microwave power into heat. Such power measurement methods are bolometric 
and calorimetric; they are also the most common and convenient ways for determining 
microwave power [13] [2]. Bolometers are used to measure low and medium microwave 
power ranges [14]. In this work, the power level below 10−2 watt will be referred to as low 
power; the range between 10−2 and 10 watts will be called medium power and above 10 
watts is high power [2]. 
 
A bolometer is a radiation power detector whose input is electromagnetic radiation. The 
radiated power is converted to heat when incident on the resistive bolometer element [15]. 
Resistance is temperature dependent and its value increases if it has positive temperature 
coefficient of resistance and decreases if it has negative temperature coefficient of resistance. 
The temperature coefficient of resistance depends on the material and is determined by how 
the resistivity of material changes with the changes in temperature [16].  By measuring the 
subsequent change of electrical resistance due to the change in temperature, the power can be 
deduced [15] [2]. Bolometer consists of three essential functions: (i) initially coupling the 
energy of the electromagnetic wave of appropriate frequency from the waveguide; (ii) a 
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sensitive resistance element (bolometer element) which can sense the power as it is absorbed 
[17] and (iii) a mechanism to read out the absorbed power. The incident RF or microwave 
power is dissipated in the bolometer element and causes the element to heat up [15]. This 
leads to a rise in the temperature and correspondingly changes the electrical resistance of the 
element.  
 
The bolometer element can have a negative temperature coefficient of resistance or a positive 
temperature coefficient of resistance [10]. Different types of bolometer elements exist: 
barretter, thermistor, lamp and film bolometers. All are temperature sensors that absorb the 
incoming power and their resistance changes when heated [2] [7]. Different mechanisms can 
be used to read out the resistance change due to the absorbed power, such as bridge circuits. 
 
One way is using a Wheatstone bridge to measure the resistance of the element. A 
Wheatstone bridge is an electrical circuit for measuring electrical resistances or small 
changes of resistance [18]. When the element warms up due to the microwave power 
dissipation, the bridge becomes unbalanced and this can be brought back to balance by 
reducing the direct current flowing through the element. The power represented by this 
change in direct current is used to determine the microwave power [19] [13]. Wheatstone 
bridge is explained in more detail in Chapter 2. 
 
Bolometers are not new [7], Herschel found infrared radiation by using a bolometer in 1800 
[20]. However more recently in the 1940s bolometers were developed for power 
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measurements at frequencies above 1 GHz [7]. Bolometers are generally only found in 
precision metrology laboratories and are not generally in use among RF engineers [9].  
 
The validity of a power measurement device can be reliably checked by comparing the power 
readings of similar meters. For bolometers, power readings of different types such as 
thermistors and barretters can be compared to each other. An agreement between the readings 
shows the operation of both devices. Usually for low frequencies good agreement is 
achieved; whereas for the higher frequencies, errors are larger [2].  
 
Brunetti [21] has written the law behind the behaviour of a bolometer with single relationship  
R = R(P, T) = constant (1-1) 
Where R is the dynamic resistance of the sensitive element; P the total power dissipated in it 
and T its absolute temperature. This shows that for a bolometer the resistance value is 
dependent on the dissipated power and temperature and the law of operation. If R is kept 
constant a relationship between temperature and power is defined from which the rate of 
change of resistance with respect to power can be found [22]. For a bolometer to be reliable 
and meet the standards, its sensitivity, reflection coefficient and effective efficiency must be 
considered [21]. 
 
1-2-1 Efficiency 
 
According to Lane “The term efficiency is widely used to describe the performance of a 
bolometer.” [23]. Ideally the sensor in the power detector should absorb all the power that is 
incident upon it, but in reality it almost never happens because of impedance mismatch 
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between the sensor and transmission line where the power reflects back. Additionally, the 
power may be dissipated in other places such as the conductors, components or sidewalls of 
waveguide, rather than only in the sensing element. Only the power that is dissipated in the 
power sensor is metered. This effect relates to effective efficiency η𝑒𝑒. It can have values 
between 0 to 1 (100%), where one is the maximum and represents the ideal case. 
 
The effective efficiency for a bolometer element can be determined by the low frequency 
power equivalent to the change in bias power to bring the resistance back to its initial value 
before the application of the RF power, over the net power that is absorbed by the sensing 
element. The value of η𝑒𝑒 changes with the frequency, but not so much with the power levels 
[24]. As the frequency increases and the wavelength becomes shorter, the terms of 
performance such as effective efficiency, sensitivity and a wideband matching are more 
difficult to attain. In addition to the complexities of operating with small elements at higher 
frequencies, since the skin depth is also reduced as the frequency is increased therefore the 
losses in the waveguide walls increase [25]. 
 
1-2-2 Sensitivity  
 
Sensitivity measures the ability of a component to detect signals. To understand the specified 
sensitivity of a component the test conditions should be specified [26]. The sensitivity of the 
power sensing element depends on the material of the resistor and its structure, such as 
thickness or size and shape. For thin films, it is preferable to use material with a high 
resistance temperature coefficient and stability [25]. The sensitivity is determined by the 
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change in the resistance value over the change of power and according to Brunetti [21] it can 
be written as: 
𝑆𝑆 = 𝛼𝛼𝑍𝑍𝑅𝑅 (1-2) 
Where Z (Kelvin
Watt
) is the thermal impedance of the bolometer’s sensitive element referred to 
the environment; R is the ohmic resistance at T = 273 K and 𝛼𝛼 ( 1
Kelvin
) is the temperature 
coefficient of the same resistance. It is notable that in order to increase the bolometer’s 
sensitivity these parameters should be altered accordingly and they are dependent on the 
material of the sensitive element [21]. 
 
1-3 Objectives of the project 
 
Different applications are currently hampered because of the lack of accurate, linear and 
repeatable measurement equipment at mm-wave frequencies, especially lacking are standards 
above about 75 GHz. The available alternative now is the sensitive diode power detectors 
which are non-linear and non-repeatable. The need for such a power measurement unit is the 
reason behind this research [27]. 
 
The proposed project is to design a linear, full waveguide bandwidth microwave power 
detector for millimetre waves. The power detector considered for this project is a linear 
bolometer with a resistance changing heat sensitive bolometer element. Although the ultimate 
aim is to achieve a mm-wave bolometer, here we will model it at X band (8.2-12.4 GHz). The 
advantages of this detector are its linearity and having a sufficiently large dynamic range that 
makes it an excellent power sensor. The challenges lie in the detailed microwave design and 
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the accurate measurements required for determining full characteristics [9] [27]. Two heat 
sensing elements will be modelled in this thesis: an inductive metal post and a thin resistive 
film. Initially an inductive metal post is considered as the bolometer element; to confirm the 
bolometer and transmission line theory in Chapters 2 and 3. The calculations are more easily 
made with the post structure, as it is simpler and has fewer parameters to be adjusted, 
compared with the thin film. Analytical equations are also available for the post. Once the 
theory is confirmed with the post, the work moves on to the thin resistive film. 
 
In Chapter 3 the necessary parameters for matching the proposed configurations are 
determined by using the analytical equations. Afterwards, the MICROWAVE STUDIO 
module of the 3D electromagnetics simulation software, CST STUDIO [28] is used to design 
a structure using these parameters which are determined based on the theory. Then this 
design is simulated and the results are generated and compared with the results derived from 
the calculations. The aim is to find that both sets of results are matched to verify the theory. 
 
The objective is to develop linear, traceable power sensors for WR90, but then the proven 
theory can be used to design power detectors in smaller waveguides WR3 and WR6 at the 
higher frequency bands. These waveguide power detectors can be made using micro 
machining technology [27]. 
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1-3-1 Description of the thesis’ structure 
 
In Chapter 2, an extensive background survey has been carried out around the principles of 
power detectors and methods of power detection, in order to understand the concepts of 
power detection and the available methods. The principles of a bolometer’s performance are 
studied and understood. Some literature about the progress of research into the design and use 
of bolometers since their foundation has been reviewed, along with literature about different 
types of bolometer. In Chapter 3, the fundamental concepts and parameters of transmission 
line theory are studied, followed by investigating transmission line impedance matching 
relevant to the bolometer design.  
 
Initially the focus is to design a bolometer with a metal post being used as the sensitive 
element. Chapter 4 discusses the analytical equations and calculations to derive fitting 
parameters for the post configuration that provides the matched circuit. To do so knowledge 
from the literature is used. Based on the derived parameters, the model for the waveguide 
bolometer with the post is simulated and the results are compared.  
 
In Chapter 5, the proven method is used to investigate the situation, but the sensitive element 
is replaced with thin film. Afterwards the mathematical calculations are made for the thin 
metal film. Then the model is simulated for a bolometer with thin film with the calculated 
dimensions. The waveguide with the power-sensing element is the main deliverable factor for 
this project. Finally some possible ways for further improvements are suggested for future 
work. 
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In Appendix 1, an orthomode transducer is discussed; which can be seen as a completely 
different project to the power sensor. It is included as an appendix as there was work done 
during the MSc by research in this area. 
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CHAPTER 2- BOLOMETER POWER DETECTION 
 
This chapter explains in more detail about the principles of the structure and use of 
bolometers. Also it looks into some different work that has been carried out in this field to 
advance power detection using resistive thin film technology. 
 
2-1 Principles of bolometers  
 
A suitable approach in measuring microwave power is to use methods that are based on 
converting wave power into heat. Such power measurement methods are used in bolometers 
and calorimeters [1]. Bolometers are used to measure low and medium microwave power [1] 
[14]. A bolometer is a radiation power detector whose output is an electrical signal dependent 
on microwave power [15]. It mainly consists of a sensitive resistance element (bolometer 
element) which can sense the power. Usually, the electromagnetic wave of appropriate 
frequency is radiated into the waveguide and is incident on the bolometer element [6] [17]. 
The incident power is dissipated in this element and causes the element to heat up; this leads 
to a change in the temperature, which correspondingly changes the electrical resistance of this 
element. This element can be either a thermistor or barretter. Traditionally these terms refer 
to a thermistor being a bead of semiconductor material mounted between two fine wires, it 
usually has a negative temperature coefficient of resistance and the barretter being a wire or 
thin film of material, deposited on glass sheet and it usually has a positive temperature 
coefficient of resistance [10]. The change in the resistance of the element in the bolometer is 
used for power measurement through different approaches such as Wheatstone bridge. 
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2-1-1 Wheatstone bridge: 
 
The Wheatstone bridge has been in use since 1843 and is shown in Figure (2-1). It is the base 
for many measurement instruments and most of the RF bridges are based on this circuit. The 
Wheatstone bridge has a total of four resistors; three of those have a known value and they 
are used to measure the value of the fourth. It usually works from DC up to low RF 
frequencies and it can be modified to be used for higher frequencies. The condition at which 
the voltage drop of  𝑅𝑅1/𝑅𝑅2 is equal to  𝑅𝑅3/𝑅𝑅4 leading to V=0 and the voltmeter shows zero 
(balanced) is called the null condition [26]. 
 
Figure 2-1 Wheatstone bridge- taken from [26] 
 
When the power is dissipated in the resistive element of a bolometer it is converted to heat 
and changes the temperature. The aim is to have a sensor that can convert the heat to a DC 
voltage signal that can be measured using the Wheatstone bridge. 
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Figure 2-2 Wheatstone bridge circuit used with thermistor mount- taken from [26] 
 
The bolometric power measurement is taken using the self-balancing bridge as shown in 
Figure (2-2). It uses a differential amplifier that produces output voltage proportional to the 
difference in the input voltages. When the bridge is balanced the output is zero, since there is 
no difference in the inputs. The bias voltage of the bridge is from the output of the amplifier. 
Changes in the resistance of the thermistor, results in changes in the voltage and unbalances 
the bridge; therefore the output of differential amplifier will be different to zero.  
 
In Figure (2-2) the thermistor mount consists of a dummy load (𝑅𝑅𝐿𝐿) and a thermistor (𝑅𝑅𝑇𝑇). A 
DC current flowing in a thermistor causes self-heating. The resistance of the thermistor is 
adjusted when no power is applied to 𝑅𝑅𝐿𝐿. The resistance of the thermistor can be determined 
using the measured voltage on the output of differential amplifier and the bias current known 
from DC meter.  
 
To rebalance the bridge the bias current needs to be changed by the appropriate amount and 
direction so that the resistance changes back to its value prior to application of power. From 
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the change in the bias current to keep the value of thermistor’s resistance the same as before, 
the power that was dissipated and caused the change in thermistor’s resistance value is 
determined. The null condition here is created when 𝑅𝑅1/𝑅𝑅𝑇𝑇 = 𝑅𝑅2/𝑅𝑅3 [26]. 
 
2-1-2 Bolometer element circuit 
 
Different types of bolometers exist but the metal bolometer is linear. A linear bolometer’s 
electrical resistance is a linear function of the temperature [15]. A common design method, 
such as in the paper by Lane and Evans in 1961 [29], is a bolometer element mount followed 
by a short circuit termination and the whole is matched to the line, so most of the incident 
power will be absorbed in the bolometer element [8]. The element is located symmetrically in 
the cross-section of the waveguide where the electric field is transverse. This is shown in 
Figure (2-3), for this film to act as a non-reflecting termination and the power absorber, it 
should be followed by a short circuited waveguide at distance [29].  
𝑅𝑅 = (2𝑛𝑛 − 1)𝜆𝜆𝑔𝑔4  (2-1) 
 
where 𝜆𝜆𝑔𝑔is the guided wavelength and n=1, 2, 3, etc. [6] [30]. 
 
 
Figure 2-3 Side view and front view of metal film with width D and distance L from the waveguide short circuit 
- taken from [29] 
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To have a non-reflecting termination the input impedance must become real and equal to the 
characteristic impedance of the waveguide [29]. The impedance of the sensitive element is 
made up of a resistive part 𝑅𝑅𝑀𝑀 and a reactive part 𝑋𝑋𝐹𝐹. The resistive part of the element 𝑅𝑅𝑀𝑀 is 
real and has to be equal to the characteristic impedance of the waveguide which is also real. 
The inductive reactance 𝑋𝑋𝐹𝐹 can be cancelled with suitable short circuit termination 
reactance 𝑋𝑋𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜, which can be obtained by choosing the correct distance to the short 
circuit placed behind the element [31] [32], as shown in Figure (2-4). The short circuit end of 
the waveguide is equivalent to a reactance in parallel to the equivalent lumped circuit of the 
bolometer element, Equation (2-3). Therefore, the input impedance of this circuit can be 
written as Equation (2-2) [29]. 
 
Figure 2-4 Equivalent circuit of the thin film in short circuited waveguide taken from [33] 
 
𝑍𝑍 = (𝑅𝑅𝑀𝑀 + 𝑗𝑗𝑋𝑋𝐹𝐹)𝑗𝑗𝑋𝑋𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜
𝑅𝑅𝑀𝑀 + 𝑗𝑗𝑋𝑋𝐹𝐹 + 𝑗𝑗𝑋𝑋𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜 (2-2) 
𝑗𝑗𝑋𝑋𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜 = 𝑗𝑗𝑍𝑍0tan (𝛾𝛾𝑅𝑅) (2-3) 
 
Here 𝛾𝛾 is the propagation constant; 𝑍𝑍0is the characteristic impedance of the transmission line 
and 𝑅𝑅 is the distance between the film and the short circuit wall; 𝑅𝑅𝑀𝑀is the resistance of the 
film; 𝑋𝑋𝐹𝐹is the reactance of the film; and 𝑋𝑋𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜is the reactance representing the line 
terminated with the short circuit. Different types of bolometer mounts, such as thin film or 
thin wire, have been developed in order to match these elements to the guide [32]. Both a thin 
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metal film and a thin wire extending across a rectangular waveguide between two broad walls 
of the guide are obstacles that act as a shunt inductance [19]. The size of the element is 
important in determining the impedance of the element; which is then used in calculating the 
input impedance and affects the circuit being matched [30]. 
 
2-2 Bolometer literature review 
 
In 1967 Sakurai and Nemoto published a paper [32] on a thin film bolometer unit. They were 
investigating a design of a bolometer unit working at f = 35 GHz. As mentioned in the paper, 
the main problems in constructing a bolometer with good performance at millimetre and 
sub-millimetre wavelengths lie with making the element and the mount.  
 
To obtain a bolometer with good properties, it is desirable to have the size of the element 
negligible compared with the applied wavelength, for example platinum wire. However, it is 
also difficult to make millimetre wave bolometers that can handle high microwave power 
because of their small size. Thus to overcome the problem of size and therefore a decrease in 
efficiency, thin metal film was studied [32]. 
 
To match a dissipative material, whose size is smaller than the applied wavelength, to a 
waveguide, a resonance type matching method was used. This method requires at least two 
parameters of resistance, capacitance and inductance of the element or the mount to be 
independently set [32]. A thin metallic film acts as the inductive reactance when it is placed 
in the waveguide.  
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The thin film element equivalent circuit consists of a capacitance (C’) in parallel with an 
inductance (L’) and resistance in series, as shown in Figure (2-5). There is also another 
inductance (L”) in series with these parameters that is the equivalent circuit of the electrode. 
The substrate is modelled by a capacitor (C) which is in parallel with all these elements as 
shown in Figure (2-5a). 
 
Figure 2-5 Equivalent circuit of bolometer element consisting of thin film, electrode and substrate-taken from 
[32]. 
 
The thin film capacitance (C’) element is much smaller than the resistance (R), so it is 
neglected and the circuit is simplified to the summation of inductances in series with film 
resistance, as well as the capacitance of substrate in parallel, as shown in Figure (2-5b). This 
can be further simplified to the equivalent circuit shown in Figure (2-5c). To achieve a 
matched condition, these parameters are adjusted by choosing the right shape for the element 
and a suitable distance behind the element for the short circuit. 
 
In [32], the bolometer element was made of thin nickel film deposited on a thin mica 
substrate with electrodes made of gold; the mount only consisted of a short circuit and a 
flange. The dimensions of the film were about 100 Å thickness, 1 mm in length and 0.6 mm 
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in width. The thickness of the mica substrate was 30 μm and the gold electrode had a 
thickness of 2 μm. 
 
The results of this work are shown in Figure (2-6). The diagram is made up of three axes; the 
VSWR and the short circuit position, both versus frequency. There are two VSWR graphs; 
one shows that a good matched condition is accomplished at 33 GHz when the distance 𝑍𝑍𝑠𝑠 to 
short circuit termination is fixed at 3.66 mm. The VSWR is less than 1.1 and over a 
bandwidth of 2 GHz. 
 
Figure 2-6 Frequency characterization of 35 GHz thin film bolometer unit- taken from [32]. 
 
The matching frequency can be changed by altering the position of the bolometer element in 
the waveguide. The graph labelled 𝑍𝑍𝑠𝑠 shows the positions at which the short circuit should be 
located for each frequency to get the lowest VSWR. When the movable short circuit is 
adjusted properly at each frequency then the corresponding VSWR graph shows a good 
performance for the designed unit over the frequency range of 30 to 40 GHz [32]. 
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If the size of the bead of a thermistor is small compared to the applied wavelength, it will 
have the same equivalent circuit as for the bolometer element described. Here the experiment 
is repeated for a small thermistor whose diameter is less than 0.1 mm, instead of thin film, 
and a perfect matched condition is also obtained. A thin film is used as the bolometer element 
here because of its excellent properties at short wavelength; such as high efficiency, low 
VSWR, wideband, good stability, high power handling capacity and simple and compact 
structure [32]. 
 
In the higher microwave region, other bolometers with good performance are also obtained 
by using thin-film technology. In 1992 L.Brunetti [21] designed a thin film bolometer that 
operates in the 26.5-40 GHz frequency range, by making a low-loss waveguide bolometer 
mount in WR-28. The mount is made of a precision waveguide section backed by a sliding 
end short and both are electroformed [21]. Placing a resistive thin film in the transverse cross 
section of the waveguide, terminated by a sliding short-circuited extension of guide of 
length 𝑅𝑅 =  (2𝑛𝑛 + 1)𝜆𝜆𝑔𝑔/4 where n = 1,2,3,etc. produces an ideal reflection-less waveguide 
termination. Figures (2-7) and (2-8) show the section of rectangular waveguide with length a 
along the x-axis and widths b along the y-axis and the thin films located 𝑅𝑅 = 𝜆𝜆𝑔𝑔/4 from the 
back-short where the electromagnetic waves are travelling along the z-axis. 
                               
Figure 2-7 Thin-film bolometer inside a waveguide and                                                                                                                                           
its electrical equivalent circuit-taken from [21]. 
Figure 2-8 Matched thin film bolometer- taken 
from [21]. 
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The thin-film is treated as lumped impedance with a uniform surface resistance and a series 
inductance which is parallel, connected to the impedance of the short circuit termination as 
shown in Figure (2-7). The element will be matched to the waveguide if the real part is equal 
to the wave impedance of the mode being transmitted and the imaginary terms being null. 
The imaginary part is made up of two parts where one is nulled as a consequence of choosing 
the proper distance of the element to the short end and the other part is nulled by adding a 
capacitive window of proper size, as shown in Figure (2-8), to have same value of 
susceptance as the remaining second part, but with a different sign to compensate the 
inductive part. According to [21] the total normalized admittance at the film position is 
 
𝑌𝑌𝑇𝑇𝑜𝑜𝑜𝑜𝑇𝑇𝑇𝑇 = � 𝑟𝑟𝑟𝑟2 + 𝑥𝑥2� − 𝑗𝑗 � 𝑥𝑥𝑟𝑟2 + 𝑥𝑥2� − 𝑗𝑗cotg(2𝜋𝜋𝑅𝑅𝜆𝜆𝑔𝑔 ) (2-4) 
 
Where, 𝑌𝑌𝑇𝑇𝑜𝑜𝑜𝑜𝑇𝑇𝑇𝑇 = 𝑍𝑍0𝑍𝑍𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, 𝑟𝑟 = 𝑍𝑍0𝑅𝑅 , 𝑥𝑥 = 𝑍𝑍0𝑋𝑋  and 𝑅𝑅 is distance to short circuit. To have the element 
matched to waveguide the real term has to be equal to one, the third term is nullified by 
having 𝑅𝑅 = 𝜆𝜆𝑔𝑔
4
 and the second term is removed by adding a capacitive window with 
susceptance equal to 𝑜𝑜2+𝑥𝑥2
𝑥𝑥
, Figure (2-8). 
 
The sensitive element of the bolometer in [21] is a 100 Å thick nickel film. This thickness is 
chosen so the film is much smaller than the minimum wavelength in the metal and to have a 
DC resistance of 200 Ω when the bolometer is DC biased. Nickel is chosen as the material 
because of its high temperature coefficient of resistance (𝛼𝛼), to obtain a relatively high 
sensitivity; also it has good stability, which can be increased by modifying the physical 
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structure of the film. This type of bolometer is narrow band and it is named a resonant type 
bolometer. For R=200 Ω and DC power bias 82 mW, the sensitivity is almost 0.6 Ω /mW 
which is not among the best values in the literature. 
 
Figure 2-9 Bolometer reflection coefficient in its working frequency band- taken from [21]. 
 
The widths of capacitive and inductive films in Figure (2-8) are found in a way to match the 
bolometer at 28 GHz. Figure (2-9) shows that at the resonance frequency reflection 
coefficient is near 0.01 and if a maximum value of 0.1 is acceptable, then the matching 
bandwidth is about 3 GHz. The designed bolometer can be used as the thermal load of a 
micro calorimeter and also as a high-performance power meter with a power-handling 
capability of about 80 mW [21]. 
 
In 1985, T. Inoue and I. Yokoshima [25] designed a barretter mount at W-band (75-110 GHz) 
operating at f = 94 GHz with effective efficiency of more than 90 %. A thin film resistor 
perpendicular to the waveguide axis, with a specific shape and resistance and located at a 
suitable length to the short circuit termination can be matched to the waveguide. A wideband 
characteristic was achieved by adding a capacitive window where the resistor is located. The 
resistor material had a large resistance temperature coefficient in order to be suitable to be 
used as the bolometer. 
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Figure 2-10 Barretter mount structure- taken from [25] 
 
The basic structure of the barretter mount is shown in Figure (2-10). In order to widen the 
matching bandwidth, it was required to compensate the inductive reactance of the barretter 
element with a capacitive element and also by choosing the length to termination as 𝑅𝑅 = 𝜆𝜆𝑔𝑔/4. 
The DC bias produces R = 200 Ω with 𝑍𝑍0 = 484 Ω at 94 GHz and the parameters are          
w/a=0.077 and d/h =0.513; w = 0.2 mm and d = 0.65 mm. 
 
The film is made of nickel and the substrate is a polyimide sheet with a thickness of 12.5 µm 
and the waveguide mount is gold-plated to minimize the wall loss. 
 
Figure 2-11 VSWR versus operation frequency for the designed barretter mount- taken from [25] 
 
Figure (2-11) shows the VSWR of the designed barretter mount versus the frequency of 
operation. The resultant curves illustrate the graph of measurement of the barretter mount and 
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the theoretical graphs with and without the capacitive window. As can be seen the VSWR of 
the theoretical curve with the capacitive window has the minimum value and it is almost 
exactly equal to one at f = 94 GHz. The bandwidth of the bolometer, for a VSWR smaller 
than 1.2, is about 5 GHz. 
 
The effective efficiency of the mount was measured using a micro-calorimeter for W-band 
with uncertainty of about 0.6%. Averaging three measurements, the effective efficiency was 
calculated to be 99.86 ± 0.06%, which is much higher than most of the bolometers previously 
working in this frequency band. A sensitivity of 2.9 Ω/mW is obtained for this barretter 
mount. The accuracy of this power measurement is comparable with longer wavelength 
power measurements [25]. 
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CHAPTER 3 -THEORETICAL FOUNDATIONS 
 
This chapter briefly explains the transmission line theories and waveguide propagation 
equations that are used for the calculations of this project in order to design the power 
detector.  
 
3-1 Transmission lines 
 
Transmission lines guide the propagation of energy from one point to another. The wave 
equations have travelling wave solutions for waves propagating in a +z direction and –z 
direction as given below [34]: 
𝑉𝑉(𝑧𝑧) = 𝑉𝑉0+𝑒𝑒−𝛾𝛾𝛾𝛾 + 𝑉𝑉0−𝑒𝑒+𝛾𝛾𝛾𝛾 (3-1) 
𝐼𝐼(𝑧𝑧) = 𝐼𝐼0+𝑒𝑒−𝛾𝛾𝛾𝛾 + 𝐼𝐼0−𝑒𝑒+𝛾𝛾𝛾𝛾 (3-2) 
 
where 𝑉𝑉0+is the voltage amplitude of the voltage wave travelling in a +z direction and 𝐼𝐼0+is 
the current amplitude of the current wave in the same direction; 𝑉𝑉0−is the amplitude of the 
voltage wave travelling in a –z direction and 𝐼𝐼0−is current amplitude of the –z directed 
current. The term 𝑒𝑒−𝛾𝛾𝛾𝛾 represents the wave travelling in a +z direction and 𝑒𝑒+𝛾𝛾𝛾𝛾 represents 
the wave travelling in a –z direction; 𝛾𝛾 is the propagation constant given by [31]:  
𝛾𝛾 = 𝛼𝛼 + 𝑗𝑗𝛽𝛽 = �(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑍𝑍)(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗) (3-3) 
 
Here G is the conductance per unit length of the transmission line; R is the resistance per unit 
length; C is the capacitance per unit length and L is the inductance per unit length of the 
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transmission line. The propagation constant is made of a real part that is the attenuation 
constant α and an imaginary part which is phase constant β and it is a function of frequency. 
The amplitude of the wave travelling in a transmission line attenuates by 𝑒𝑒−𝛼𝛼𝛾𝛾. 
 
A transmission line is characterized by two factors: the characteristic impedance 𝑍𝑍0 and the 
propagation constant 𝛾𝛾. The characteristic impedance is the ratio of the voltage amplitude to 
the current amplitude of the travelling wave [31].  
𝑍𝑍0 = 𝑉𝑉0+𝐼𝐼0+ = −𝑉𝑉0−𝐼𝐼0− = 𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑍𝑍𝛾𝛾 = �𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑍𝑍𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗 (3-4) 
 
3-1-1 Lossless line 
 
To simplify the analysis quite often a lossless transmission medium is considered. In this case 
the attenuation constant 𝛼𝛼 is zero. The conductance G and resistance R are therefore zero for 
the line and the propagation constant becomes imaginary. 
𝛾𝛾 = 𝑗𝑗𝑗𝑗√𝑍𝑍𝑗𝑗 = 𝑗𝑗𝛽𝛽 (3-5) 
 
The imaginary propagation constant leads to characteristic impedance of the line being a real 
number. 
𝑍𝑍0 = �𝑍𝑍𝑗𝑗 (3-6) 
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3-2 Reflection coefficient 
 
  
 
  
 
 
Figure (3-1) shows the circuit of a transmission line connecting a generator to a load. The 
load is located at 𝑧𝑧 = 0 and the source is located at 𝑧𝑧 = −𝑅𝑅. The ratio of the amplitude of 
reflected voltage to the amplitude of incident voltage at the load is called the reflection 
coefficient and it is a dimensionless parameter, given by: [35] 
𝛤𝛤 = 𝑉𝑉0−
𝑉𝑉0
+ = 𝑍𝑍𝐿𝐿 − 𝑍𝑍0𝑍𝑍𝐿𝐿 + 𝑍𝑍0 (3-7) 
 
 
where 𝑍𝑍𝐿𝐿is the load impedance. The load impedance is generally a complex number and 
therefore may lead to a complex reflection coefficient. When the load is not matched with the 
line there is a reflected wave in the opposite direction of the incident wave. The reflection 
coefficient range is −1 ≤ 𝛤𝛤 ≤ 1. A load is matched to the line when its impedance is equal to 
the characteristic impedance of the line. In this case there won’t be any reflection from the 
load and the reflection coefficient will be zero [31]. The magnitude of 𝛤𝛤 doesn’t change at 
any point along the line; only the phase changes [36]. 
 
 Load (𝑍𝑍𝐿𝐿) 
𝑍𝑍0 
Figure 3-1 transmission line model with voltage generator 𝑽𝑽𝒈𝒈, characteristic impedance 𝒁𝒁𝟎𝟎 and load impedance 
𝒁𝒁𝑳𝑳. 
 
𝑉𝑉𝑔𝑔 𝑉𝑉0
− 𝑉𝑉0
+ 
 
 
𝑧𝑧 = 0 𝑧𝑧 = −𝑅𝑅 𝑅𝑅 
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There are some special cases such as  
• Short chircuit, where 
𝑍𝑍𝐿𝐿 = 0 therefore 𝛤𝛤 = −1 
• Open chircuit, where  
𝑍𝑍𝐿𝐿 = ∞ therefore 𝛤𝛤 = 1 
• Matched condition where 
𝑍𝑍𝐿𝐿 = 𝑍𝑍0 therefore 𝛤𝛤 = 0 
 
3-2-1 Standing waves  
 
In a transmission line that is terminated with a load, with waves incident to the load and 
reflecting back, there are two waves that travel in the opposite directions and are present at 
the same time. Therefore they are added together and a standing wave is produced [31]. This 
is characterised by the VSWR (voltage standing wave ratio). It is a dimensionless value that 
is derived using the ratio of the maximum voltage to minimum voltage found from the result 
of the wave summation.  
𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 = �𝑉𝑉𝑚𝑚𝑇𝑇𝑥𝑥
𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚
� = �𝐼𝐼𝑚𝑚𝑇𝑇𝑥𝑥
𝐼𝐼𝑚𝑚𝑐𝑐𝑚𝑚
� 
(3-8) 
 
Using the standing wave ratio is another way of finding the reflection coefficient. 
|𝛤𝛤| = 𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 − 1
𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 + 1 (3-9) 
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VSWR is equal to 1 for the matched condition and it is ∞ for the open circuit and short 
circuit transmission line. 
 
3-2-2 S-parameters 
 
It is important to see how much gain or loss there is when transmitting an information signal. 
S-parameters or scattering parameters describe the response of an N-port linear time invariant 
network to voltage, current and power inputs at each port. For a two port network the system 
can be treated like the transmission line above, which for any incident wave, part of it is 
transmitted and part of it is reflected back. The scattering matrix of an N-port network is 
𝑛𝑛 × 𝑛𝑛 matrix. For each term 𝑆𝑆𝑐𝑐𝑗𝑗 of the 𝑛𝑛 × 𝑛𝑛 matrix: 𝑅𝑅 refers to the signal exiting port 𝑅𝑅 and 𝑗𝑗 
refers to the signal entering port 𝑗𝑗. The values can be found by the ratio of the reflected 
voltage signal and incident voltage signal. S-parameters are complex values but the gain and 
loss are usually determined by the magnitude in decibels (dB).  
 
For 𝑅𝑅 = 𝑗𝑗, 𝑆𝑆𝑐𝑐𝑗𝑗 shows how much of the incident wave is reflected back and comes out of the 
same port as the incident signal. This is equal to the reflection coefficient at the input port 
[37] and it is the same as a return loss with a negative sign [38] [39]. 
𝑅𝑅𝑍𝑍(𝑑𝑑𝑅𝑅) = 10 log �𝑃𝑃𝑐𝑐
𝑃𝑃𝑜𝑜
� = 20 log � 1
∣ 𝛤𝛤 ∣
� = −20log(∣ 𝑆𝑆11 ∣) (3-10) 
 
A matched load has a return loss of ∞ dB or no reflected power; whereas a total reflection 
has a return loss of 0 dB [35].  
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3-3 Input impedance 
 
 
 
 
 
 
 
 
The impedance 𝑍𝑍(𝑧𝑧) of a transmission line shown in Figure (3-2) is the ratio of the total 
voltage (incident and reflected wave voltages) to the total current at any point 𝑧𝑧 on the line. It 
is different from the characteristic impedance of the line 𝑍𝑍0, see Equation (3-4), which relates 
the ratio of the forward propagating voltage and forward current. Generally it is a complex 
number and consists of an input resistance 𝑅𝑅𝑐𝑐𝑚𝑚and an input reactance 𝑋𝑋𝑐𝑐𝑚𝑚 . 
𝑍𝑍(𝑧𝑧) = 𝑅𝑅 + 𝑗𝑗𝑋𝑋 (3-11) 
 
The input impedance at the input of the line is calculated as below [31]:  
𝑍𝑍(𝑧𝑧) = 𝑉𝑉(𝑧𝑧)
𝐼𝐼(𝑧𝑧)  (3-12) 
Using Equations (3-1) and (3-2), Equation (3-12) can be written as:  
𝑍𝑍(𝑧𝑧) = 𝑉𝑉0+[𝑒𝑒−𝛾𝛾𝛾𝛾 + 𝛤𝛤𝑒𝑒𝛾𝛾𝛾𝛾]
𝑉𝑉0
+[𝑒𝑒−𝛾𝛾𝛾𝛾 − 𝛤𝛤𝑒𝑒𝛾𝛾𝛾𝛾]𝑍𝑍0 (3-13) 
 
Length (𝑅𝑅) 𝑧𝑧 = −𝑅𝑅 𝑧𝑧 = 0 
 Load  (𝑍𝑍𝐿𝐿) 
 
𝑍𝑍(𝑧𝑧) 
𝑍𝑍0 
Figure 3-2 transmission line model with characteristic impedance 𝒁𝒁𝟎𝟎 and load impedance 𝒁𝒁𝑳𝑳. 
 
𝑍𝑍𝑐𝑐𝑚𝑚 = 𝑍𝑍(−𝑅𝑅) 
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Substituting Equation (3-7) for 𝛤𝛤 and considering 𝑒𝑒𝛾𝛾𝛾𝛾 = cosh𝛾𝛾𝑧𝑧 + sinh𝛾𝛾𝑧𝑧 
and 𝑒𝑒−𝑗𝑗𝛾𝛾𝛾𝛾 =  cosh𝛾𝛾𝑧𝑧 − sinh𝛾𝛾𝑧𝑧, Equation (3-13) becomes:  
𝑍𝑍(𝑧𝑧) = 𝑍𝑍0(𝑍𝑍𝐿𝐿 + 𝑍𝑍0tanh (𝛾𝛾𝑧𝑧)𝑍𝑍0 + 𝑍𝑍𝐿𝐿tanh (𝛾𝛾𝑧𝑧)) (3-14) 
 
For lossless line where 𝛼𝛼 = 0 the input impedance is: 
𝑍𝑍𝑐𝑐𝑚𝑚 = 𝑍𝑍(−𝑅𝑅) = 𝑍𝑍0(𝑍𝑍𝐿𝐿 + 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅𝑍𝑍0 + 𝑗𝑗𝑍𝑍𝐿𝐿tan𝛽𝛽𝑅𝑅) (3-15) 
 
This expression is important for the design equations derived for a power detector in Chapter 
4 and Chapter 5. To complete the definitions in this chapter, the well-known general equation 
of the wavelength of electromagnetic waves in lossless transmission line is: 
𝜆𝜆 = 𝑅𝑅
𝑓𝑓
= 1
𝑓𝑓√𝑍𝑍𝑗𝑗
= 1
𝑓𝑓√𝜇𝜇𝜇𝜇
= 2𝜋𝜋
𝛽𝛽
 
(3-16) 
𝛽𝛽 = 𝑗𝑗√𝑍𝑍𝑗𝑗 = 𝑗𝑗�𝜇𝜇𝜇𝜇 = 2𝜋𝜋
𝜆𝜆
 
(3-17) 
 
Where 𝜇𝜇 and 𝜇𝜇 are magnetic permaebility and electrical permittivity of the medium, 
respectively. 
 
Phase velocity is also derived below and speed of light in vacuum is 𝑅𝑅0 = 3 × 108 m/s. 
𝑅𝑅 = 𝑗𝑗
𝛽𝛽
= 𝑓𝑓𝜆𝜆 = 1
√𝑍𝑍𝑗𝑗
= 1
√𝜇𝜇𝜇𝜇
 
(3-18) 
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3-4 Skin depth 
 
The skin depth is the depth at which the amplitude of the propagating electromagnetic fields 
in the conductor decays to 𝑒𝑒−1or about 37% of the initial amplitude. The skin depth 𝛿𝛿 is 
given by [35]. 
𝛿𝛿 = � 2
𝜇𝜇𝑗𝑗𝜎𝜎
= 1
�𝜋𝜋𝑓𝑓𝜇𝜇𝜎𝜎
 
(3-19) 
 
Equation (3-19) shows the skin depth is a function of frequency, permeability and electrical 
conductivity of the material. As any of these parameters increases the skin depth decreases, 
showing that the depth in which the wave can propagate in the conductor becomes smaller. 
The skin depth is a function of frequency, therefore for the case of DC, where 𝑓𝑓 = 0 Hz, 𝛿𝛿 
approaches infinity meaning that the depth in which the current will propagate in the 
conductor is limitless. 
 
3-5 Waveguides 
 
Waveguides can be considered as types of transmission lines. A waveguide is a hollow 
conducting pipe with a uniform cross section, which directs the propagation of an 
electromagnetic wave in a particular direction [40]. They can have different shapes of cross-
sections such as rectangular, circular, square, and elliptical. Generally they are used for 
electromagnetic waves within the frequency range of 300MHz up to about 300GHz. 
Waveguides are more advantageous than coaxial cables or other transmission lines since they 
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have lower signal attenuation and the ability to transmit more power, at higher frequencies 
[31] [41].  
 
There are different electromagnetic wave modes that can be transmitted in waveguides. 
Waveguides are either made of conductors filled in with air or dielectrics, which are called 
metal waveguides, or they are made of dielectrics only and are called dielectric waveguides. 
Dielectrics have permittivity and permeability of ε and μ, respectively and the dielectric 
usually used to fill the interior of metal waveguides is vacuum or air. The size of the 
dimensions of waveguide’s cross sections is chosen in a way to be able to propagate the 
dominant mode in the chosen frequency band of operation [35] [42].  
 
3-5-1 Modes 
 
Electromagnetic waves are analysed by wave equations, which are derived from the Maxwell 
equations. Different Eigen function solutions to the wave equation system are the modes. 
Based on different modes, different electric and magnetic field configurations are created. 
Modes occur due to the boundary condition restrictions. There are different modes in 
existence such as Transverse Electric (TE), Transverse Magnetic (TM), Transverse Electric 
and Magnetic (TEM) modes; but only two modes, TE and TM, can propagate in rectangular 
waveguides [35] [43]. 
 
A waveguide can support an infinite number of TE and TM modes, each of which has their 
own cut-off frequency; whereas TEM transmission lines have zero cut-off frequency [40].  
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3-5-2 Rectangular waveguides  
 
A rectangular waveguide is a hollow metallic tube with a rectangular cross section. Only TE 
and TM modes can propagate in this waveguide. The Transverse Electric (TE) mode occurs 
when the only available electric field components are the transverse electric fields and there 
is no longitudinal electric field 𝐸𝐸𝛾𝛾 = 0 along the propagation direction (z-axis). The electric 
field pattern of the wave radiates perpendicular to the propagation direction and only the 
z component of the magnetic field is on the z-axis, 𝑅𝑅𝛾𝛾. 
 
The Transverse Magnetic (TM) mode takes place when the magnetic field pattern of the wave 
is perpendicular to the propagation direction. There is no longitudinal magnetic field along 
that direction (z-axis) in this mode; only the electric field ,𝐸𝐸𝑧𝑧 is in the z direction.  
 
The subscript terms m and n of TEmn and TMmn modes show the number of oscillations along 
the x axis and y axis of the cross section of the waveguide, respectively [35] [43]. 
 
These modes have a cut-off frequency below which propagation is not possible [35].  
 
Figure 3-3 Electric field patterns for TE10,TE20 and TE30 - taken from [39] 
48 
 
 
Figure (3-3) [39] shows the cross section of three rectangular waveguides; here, in the TE10 
mode there is one oscillation of electric fields; in TE20 mode there are two and in TE30 mode 
there are three oscillations. 
 
Figure 3-4 Electric field and magnetic field for mode TE10 - taken from [44] 
 
Figure (3-4) [44] shows the electric field and magnetic field of the dominant 𝑇𝑇𝐸𝐸10 mode over 
the cross-section of a rectangular waveguide. For 𝑇𝑇𝐸𝐸10 mode, 𝐸𝐸𝑥𝑥,𝐸𝐸𝛾𝛾 ,𝑅𝑅𝑦𝑦 = 0 and only three 
field components are propagating in the waveguide [35].  
𝐸𝐸𝑦𝑦 = −𝑗𝑗𝜇𝜇𝑗𝑗𝑅𝑅𝜋𝜋 𝐴𝐴10sin (𝜋𝜋𝑥𝑥𝑅𝑅 )𝑒𝑒−𝑗𝑗𝑗𝑗𝛾𝛾 (3-20) 
𝑅𝑅𝑥𝑥 = 𝑗𝑗𝛽𝛽𝑅𝑅𝜋𝜋 𝐴𝐴10sin (𝜋𝜋𝑥𝑥𝑅𝑅 )𝑒𝑒−𝑗𝑗𝑗𝑗𝛾𝛾 (3-21) 
𝑅𝑅𝛾𝛾 = 𝐴𝐴10cos(𝜋𝜋𝑥𝑥𝑅𝑅 )𝑒𝑒−𝑗𝑗𝑗𝑗𝛾𝛾 (3-22) 
Where 𝐴𝐴10 is the amplitude constant for TE10 mode,  𝑗𝑗 is the angular frequency, 𝛽𝛽 is the 
phase constant, a is the width of the waveguide and  𝜇𝜇 is permeability. 
 
The transverse wave impedance, relating the transverse electric and magnetic fields, is: 
𝑍𝑍𝑇𝑇𝑇𝑇 = 𝐸𝐸𝑥𝑥𝑅𝑅𝑦𝑦 = −𝐸𝐸𝑦𝑦𝑅𝑅𝑥𝑥 = 𝑗𝑗𝜇𝜇𝛽𝛽  (3-23) 
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3-5-3 Cut-off frequency  
 
The cut-off frequency is a point in the frequency band of operation, at which the system starts 
to cut off the operation and attenuates the passing signal. Waveguides act like high pass 
filters; meaning that for the waves with the operation frequency range below the waveguide’s 
cut-off frequency the wave will be attenuated by the waveguide; whereas waves with a 
frequency of operation above the cut-off frequency will be propagated in the guide with 
minimum attenuation [35] [45]. 
 
The cut-off frequency of rectangular waveguides is calculated as: 
𝑓𝑓𝑐𝑐𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑐𝑐2𝜋𝜋√𝜇𝜇𝜇𝜇 = 12𝜋𝜋√𝜇𝜇𝜇𝜇 �(𝑚𝑚𝜋𝜋𝑅𝑅 )2 + (𝑛𝑛𝜋𝜋𝑏𝑏 )2 (3-24) 
where: 
𝛽𝛽 = �𝑘𝑘2 − 𝑘𝑘𝑐𝑐2 = �𝑘𝑘2 − (𝑚𝑚𝜋𝜋𝑅𝑅 )2 − (𝑛𝑛𝜋𝜋𝑏𝑏 )2 (3-25) 
where m and n are the particular mode numbers and are the number of variations in the 
E-field pattern in the x-axis and y-axis, respectively. Parameters a and b are width and heigth 
of the rectangular waveguide cross-section; 𝑘𝑘 is the wavenumber calculated by 
Equation (3-17). 
 
In order to have a propagating mode, the following condition should be satisfied. 
𝑘𝑘 > 𝑘𝑘𝑐𝑐 = �(𝑚𝑚𝜋𝜋𝑅𝑅 )2 + (𝑛𝑛𝜋𝜋𝑏𝑏 )2 (3-26) 
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For the dominant mode TE10 where n=0 the second term in Equation (3-24) is eliminated and 
the cut-off frequency equation results in:  
𝑓𝑓𝑐𝑐𝑐𝑐𝑜𝑜−𝑜𝑜𝑜𝑜𝑜𝑜 = 12𝑅𝑅√𝜇𝜇𝜇𝜇 (3-27) 
 
The mode with the smallest cut-off frequency is called dominant mode and the lowest cut-off 
happens for TE10 mode in rectangular waveguide. 
 
Below the cut-off frequency of the mode, the propagation constant is real: 𝛾𝛾 = 𝛼𝛼 indicating 
attenuation. These modes are also called evanescence modes. On the other hand for lossless 
waveguide, for modes with an operation frequency larger than the cut-off frequency, the 
propagation constant is imaginary: 𝛾𝛾 = 𝑗𝑗𝛽𝛽 indicating propagation. 
 
Considering the losses, usually from conducting walls, causes the propagation constant to 
have a real part above the cut-off frequency as well. The propagating field will then be 
attenuated along the guide, causing a power loss [34]. The calculations in this thesis assume 
no loss of this type. 
 
The dimensions of the waveguide and operation frequency are usually chosen in such a way 
that only the dominant mode is used. 
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3-6 X-band waveguide characteristics 
 
The X-band waveguide (WR90) is a rectangular waveguide that operates in the X-band 
frequency range from 8.2 GHz to 12.4 GHz and the dimensions of its rectangular cross 
section are 𝑅𝑅 = 22.86 mm and 𝑏𝑏 = 10.16 mm. The X-band waveguide is used in this 
project. 
 
The cut-off frequency for the TE10 mode from Equation (3-27) is [35]: 
𝑓𝑓𝑐𝑐𝑐𝑐𝑜𝑜−𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅02 × 𝑅𝑅 = 6.57 GHz 
 
The wavelength of the guided wave in the X-band waveguide at f = 10 GHz is calculated 
from Equation (3-16) and using Equation (3-25) to calculate  𝛽𝛽 of TE10 mode in the 
rectangular waveguide: 
𝜆𝜆𝑔𝑔 = 2𝜋𝜋158.0461 = 39.75 mm 
 
The characteristic impedance of the X-band rectangular waveguide at a frequency of 10 GHz 
is [46]: 
𝑍𝑍0 = 2𝑏𝑏. 377𝜆𝜆𝑔𝑔𝑅𝑅. 𝜆𝜆 = 444.082 Ohms  (3-28) 
 
52 
 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 
3-7 Short circuit termination 
 
There are some special cases of load for a lossless line, which can be determined from 
Equation (3-15), given and discussed below: 
• For a case of lossless short circuit load where 𝑍𝑍𝐿𝐿 = 0 it is 𝑍𝑍𝑐𝑐𝑚𝑚 = 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅 
• For a case of lossless open circuit load where 𝑍𝑍𝐿𝐿 = ∞ it is 𝑍𝑍𝑐𝑐𝑚𝑚 = −𝑗𝑗𝑍𝑍0cot𝛽𝛽𝑅𝑅 
 
For these cases the impedance is reactive and can be either capacitive or inductive and its 
value changes depending on the length of the line. 
 
 
 
 
   
 
Figure (3-5) shows a rectangular waveguide and Figure (3-6) shows the same waveguide 
from the top, illustrating that there is an input port and the back of waveguide is short-
circuited. 
 
Assuming the waveguide behaves as a transmission line, at the short circuit termination the 
voltage is zero, the current is maximum and load impedance is zero 𝑍𝑍𝐿𝐿 = 0; therefore 
 
Short circuit termination 
Length (l ) 
a 
b 
Length (l ) 
Figure 3-5 Rectangular waveguide 
 
Figure 3-6 Side view of rectangular waveguide with short 
circuit termination 
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 𝛤𝛤 = −1 using Equation (3-7). When the wave reaches a short circuit transmission line it will 
reflect back. The input impedance of a short-circuited line at distance 𝑅𝑅 from the termination, 
using Equation (3-15), is calculated to be [47]: 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 = 𝑍𝑍0 �0 + 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅𝑍𝑍0 + 0 � = 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅 = 𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐 (3-29) 
 
For the case of a short circuit line the input impedance is purely reactive and there is no 
resistance.  
 
For a short circuit line when tan𝛽𝛽𝑅𝑅 > 0 or when the length is between 0 < 𝑅𝑅 < 𝜆𝜆
4
 and the 
value of 𝑍𝑍𝑐𝑐𝑚𝑚 > 0 ; then line appears inductive, acting like an equivalent inductor 𝑍𝑍𝑒𝑒𝑒𝑒whose 
impedance is equal to [31]: 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 = 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅 = 𝑗𝑗𝑗𝑗𝑍𝑍𝑒𝑒𝑒𝑒 (3-30) 
 
On the other hand, when tan𝛽𝛽𝑅𝑅 < 0 or when 𝜆𝜆
4
< 𝑅𝑅 < 𝜆𝜆
2
 and the value of 𝑍𝑍𝑐𝑐𝑚𝑚 < 0 ; then line 
appears capacitive, acting like an equivalent capacitor 𝑗𝑗𝑒𝑒𝑒𝑒 whose impedance is equal to [48]: 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 = 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅 = 1𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒𝑒𝑒 (3-31) 
 
It is the opposite for a open circuit line. A graph of the short-circuited waveguide input 
impedance 𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 for an X-band waveguide for different lengths of waveguide is plotted in 
Figure (3-7), using the waveguide characteristics determined previously. The figure shows 
that the input impedance is changing as the trigonometric function tan (𝛽𝛽𝑅𝑅), so as the length 
to the back short changes the input impedance changes. The graph is repeated every 𝑅𝑅 = 𝜆𝜆𝑔𝑔/2 
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where the impedance becomes zero, also at 𝑅𝑅 = 𝑛𝑛𝜆𝜆𝑔𝑔/4 the value of impedance approaches 
infinity. As the length changes the sign of input impedance also changes as discussed earlier. 
Between 0 < 𝑅𝑅 < 𝜆𝜆
4
, the value of reactance is positive or inductive and then as mentioned 
previously, when 𝜆𝜆
4
< 𝑅𝑅 < 𝜆𝜆
2
, it becomes negative or capacitive. 
Figure 3-7 Graph of Zin of waveguide with short circuit termination versus length in metres, Equation (3-29), 
where 𝜆𝜆𝑔𝑔 = 39.75 mm and Z0 = 444.08 Ohms 
 
3-8 Comparing X-band waveguide, WR6 and WR3 for TE10 
 
Information about the X-band waveguide and other waveguides mentioned in this thesis is 
provided in Table (3-1): 
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Table 3-1 characteristics of different waveguides 
Frequency 
band 
Frequency 
range (GHz) 
Inside 
dimensions 
(mm) 
Cut-off 
frequency 
(GHz) 
Guided 
wavelength 
(mm) 
𝑍𝑍0 (Ω) 
X-band 
(WR90) 
8.2 to 12.4 22.86 x 10.16 6.56 39.8 444.08 
D-band 
(WR6) 
110 to 170 1.651 x 0.8255 90.85 28 446.04 
G-band 
(WR3) 
220 to 325 0.8636 x 0.4318 173.69 12 462.37 
 
This table illustrates the physical parameters and some important characteristics of WR90, 
WR6 and WR3. Here WR90 is considered for the design of the power sensors here, but the 
same approach can be used for WR6 and WR3 at a later stage. It is simple to use the values 
mentioned in this table to replace those parameters of WR90. For higher frequencies the 
dimensions of the waveguide and the guided wavelength become smaller still.  
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CHAPTER 4- IMPLEMENTING A NON REFLECTIVE POST IN A 
WAVEGUIDE 
 
4-1 Introduction 
 
This chapter discusses the theory of impedance matching when there is an obstacle in a short 
circuit terminated waveguide. The equivalent circuit of the structure is explained and the 
matching procedure is examined using the transmission line theory. The obstacle considered 
in this chapter is a metal post that is used as an integral part for the final power sensor 
structure. This structure is used as it is simpler to design and the equations for metal posts are 
available in the literature. Initially the aim is to prove the theory and later it can be used at 
different frequencies for the power sensor design.  
 
4-2 Matching 
 
In this chapter a power detector is designed using the transmission line theory explained in 
the previous chapter. To simplify the project this power detector is designed with a metallic 
post in the centre of the X-band waveguide that is connected to the broad walls of the 
waveguide at both ends and at a distance 𝑅𝑅 to the short circuit termination. This post is 
positioned in a way that has the behaviour of an inductor as well as being resistive and its 
impedance is considered in the overall input impedance of the waveguide.  
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Figure 4-1 Waveguide with obstacle 
 
Figure (4-1) shows the post located in the rectangular waveguide. In the figure 𝑅𝑅 and 𝑏𝑏 are 
width and height of the waveguide respectively; 𝑅𝑅 is the distance of the post from the 
back-short. The arrow pointing towards the waveguide port is the incident wave. 
 
4-2-1 Waveguide with short circuit termination and inductive and resistive element  
 
A rectangular waveguide supporting the TE10 mode with short circuited termination is 
considered. A narrow post is located symmetrically in the transverse cross section of the 
rectangular waveguide attached to the broad walls. The equivalent input impedance of the 
waveguide is determined by considering the input impedance of a short circuited line in 
parallel with the impedance of a metallic post. The post is resistive and it also has a 
reactance;  the way it is located in the waveguide makes it inductive. The size of the post is 
important as it affects its impedance; it will alter the input impedance and consequently the 
reflection coefficient. 
Waveguide length 
Length 𝑅𝑅 to back-short 
Incident wave 
𝑅𝑅
 
𝑏𝑏 
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𝑗𝑗𝑋𝑋 
𝑅𝑅 
𝑍𝑍𝑐𝑐𝑚𝑚 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 
The impedance of a resistive and reactive element is:  
 𝑍𝑍𝑒𝑒𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒𝑚𝑚𝑜𝑜 = 𝑅𝑅 + 𝑗𝑗𝑋𝑋 (4-1) 
 
Figure (4-2) shows the schematic of a resistive and reactive element located at distance 𝑅𝑅 to 
the short circuit termination; 𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 is the input impedance of the transmission line at 
distance – 𝑅𝑅 from the short circuit. The other arrow 𝑍𝑍𝑐𝑐𝑚𝑚shows the input impedance of the 
whole circuit. 
 
 
 
 
 
 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 is given by: 
𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐(−𝑅𝑅) = 𝑗𝑗𝑍𝑍0tan𝛽𝛽𝑅𝑅 = 𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐 (4-2) 
 
Equation (4-2) is the equivalent input impedance of a short circuit transmission line that was 
derived in Chapter 3 as Equation (3-29) and repeated here, as it will be used in the 
calculations.  
Length (𝑅𝑅) 𝑧𝑧 = −𝑅𝑅 𝑧𝑧 = 0 
 
 
Short circuit termination 
Figure 4-2 Equivalent circuit of a waveguide with short circuit termination and resistive, reactive element. 
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𝑗𝑗𝑗𝑗𝑍𝑍 
𝑅𝑅 
𝑍𝑍𝑐𝑐𝑚𝑚 
𝑍𝑍𝑠𝑠𝑐𝑐−𝑐𝑐𝑚𝑚 = 𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐 
The circuit in Figure (4-2) can be reduced to the circuit in Figure (4-3) by replacing the 
transmission line of length 𝑅𝑅 with a short circuit termination with its equivalent input 
impedance 𝑍𝑍𝑐𝑐𝑚𝑚−𝑠𝑠𝑐𝑐 and replace X with inductive element. 
 
 
  
 
 
 
Figure 4-3 Side view of waveguide with short circuit termination and resistive, inductive element. 
 
The input impedance 𝑍𝑍𝑐𝑐𝑚𝑚 can now be determined using Equation (4-1) for  𝑍𝑍𝑒𝑒𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒𝑚𝑚𝑜𝑜, which 
includes resistance as well as inductance in parallel with the reactive impedance of the short 
circuit termination. The new input impedance  𝑍𝑍𝑐𝑐𝑚𝑚 is: 
𝑍𝑍𝑐𝑐𝑚𝑚 =  𝑍𝑍𝑒𝑒𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒𝑚𝑚𝑜𝑜 × 𝑍𝑍𝑠𝑠𝑐𝑐−𝑐𝑐𝑚𝑚 𝑍𝑍𝑒𝑒𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒𝑚𝑚𝑜𝑜 + 𝑍𝑍𝑠𝑠𝑐𝑐−𝑐𝑐𝑚𝑚 = (𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑍𝑍)𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑍𝑍 + 𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐 (4-3) 
𝑍𝑍𝑐𝑐𝑚𝑚 = 𝑅𝑅𝑋𝑋𝑠𝑠𝑐𝑐2
𝑅𝑅2 + 𝑋𝑋2 + 𝑋𝑋𝑠𝑠𝑐𝑐2 + 2𝑋𝑋𝑋𝑋𝑠𝑠𝑐𝑐 + 𝑗𝑗 𝑅𝑅2𝑋𝑋𝑠𝑠𝑐𝑐 + 𝑋𝑋2𝑋𝑋𝑠𝑠𝑐𝑐 + 𝑋𝑋𝑋𝑋𝑠𝑠𝑐𝑐2𝑅𝑅2 + 𝑋𝑋2 + 𝑋𝑋𝑠𝑠𝑐𝑐2 + 2𝑋𝑋𝑋𝑋𝑠𝑠𝑐𝑐 (4-4) 
 
Equation (4-4) gives a complex impedance. 
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To find the reflection coefficient, Equation (3-7) stated in Chapter 3 is used. This equation is 
repeated here because it is used widely: 
𝛤𝛤 = 𝑍𝑍𝐿𝐿 − 𝑍𝑍0
𝑍𝑍𝐿𝐿 + 𝑍𝑍0 = 𝑍𝑍𝑐𝑐𝑚𝑚 − 𝑍𝑍0𝑍𝑍𝑐𝑐𝑚𝑚 + 𝑍𝑍0 (4-5) 
 
Here load impedance 𝑍𝑍𝐿𝐿is substituted with the equivalent input impedance 𝑍𝑍𝑐𝑐𝑚𝑚 of the short 
circuit and post combination; 𝑍𝑍0 is the characteristic impedance of the waveguide [31]. 
 
The aim is to have zero reflection, therefore 𝑍𝑍𝑐𝑐𝑚𝑚 should be equal to the characteristic 
impedance, as in Equation (4-5). On the other hand, the characteristic impedance of the 
waveguide is a real number for the lossless case; therefore to achieve a matched condition the 
imaginary part of Equation (4-4) must be zero [29]. 
 
Setting the imaginary part of Equation (4-4) equal to zero gives a:  
𝑋𝑋𝑠𝑠𝑐𝑐 = −𝑅𝑅2 − 𝑋𝑋2𝑋𝑋  (4-6) 
 
Also the real part of 𝑍𝑍𝑐𝑐𝑚𝑚in Equation (4-4) should be set equal to 𝑍𝑍0of the waveguide; this 
results in:  
𝑍𝑍0 = 𝑅𝑅2 + 𝑋𝑋2𝑅𝑅  (4-7) 
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Figure (4-4) shows the reflection coefficient, Equation (4-5), versus the length to back-short 
for a resistive and inductive element. The input impedance is calculated from Equation (4-3) 
for different values of resistance and the corresponding value of inductive reactance that is 
calculated from Equation (4-7). The length to back-short at which the reflection coefficient is 
zero is seen on the graph and it is derived later in this chapter. 
 
Figure 4-4 Reflection coefficient of resistive and inductive element vs length to back short, 𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦 
 
As an example for R = 200 Ω the reactance is calculated to be X=220.94 Ω from 
Equation (4-11) and from Figure (4-4) it can be seen that for an inductive reactance at 
𝑅𝑅 = −4.7 mm from the short circuit termination, the reflection coefficient is zero. The 
back-short length for the zero reflection coefficient is calculated below. 
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Considering Equation (4-6) and by knowing Equation (4-2) derived earlier for the impedance 
of a short circuit transmission line, the following formula for calculating the length between 
the element and short circuit that results in zero reflection coefficients is derived as: 
𝑍𝑍0tan𝛽𝛽𝑅𝑅 = −𝑅𝑅2 − 𝑋𝑋2𝑋𝑋   (4-8) 
 
Substituting Equation (4-7) for 𝑍𝑍0 gives 
(𝑅𝑅2 + 𝑋𝑋2
𝑅𝑅
)tan𝛽𝛽𝑅𝑅 = −(𝑅𝑅2 + 𝑋𝑋2)
𝑋𝑋
  (4-9) 
 
Hence, the length to the short circuit termination that results in zero reflection is found as: 
𝑅𝑅 =  1
𝛽𝛽
tan−1(−𝑅𝑅
𝑋𝑋
) (4-10) 
 
This is general and can apply to capacitive or inductive reactance. To be able to compare and 
use these equations they are written in terms of one unknown at a time. From Equation (4-7) 
X as a function of R is: 
𝑋𝑋 = �𝑅𝑅𝑍𝑍0 − 𝑅𝑅2 (4-11) 
 
So Equation (4-10) can be written as: 
𝑅𝑅 =  1
𝛽𝛽
(− tan−1( 𝑅𝑅
�𝑅𝑅𝑍𝑍0 − 𝑅𝑅2
)) (4-12) 
 
63 
 
Equation (4-12) shows the length between the element and short circuit termination when the 
element is inductive. Equation (4-12) is shown in Figure (4-5). 
 
Figure 4-5 Length to short circuit termination versus R, using Equations (4-12); 𝒁𝒁𝟎𝟎 = 𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀 , 𝜷𝜷 = 𝟏𝟏𝟏𝟏𝟎𝟎.𝟎𝟎𝟒𝟒 
and  𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦 
 
Figure (4-5) shows the length to the short circuit termination for different values of element 
resistance and for the reflection coefficient to be zero. For a single value of resistance 
different lengths to termination are found that result in zero reflection coefficients.  
 
It is not only required to find the resistance, but the detector must simultaneously have the 
appropriate value of reactance to give zero reflection. To be able to find the value of the 
reactance of an obstacle located at distance 𝑅𝑅 from the short circuit termination, Equation 
(4-10) is written in terms of X by using Equation (4-7) to find R based on X. 
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𝑅𝑅 = 𝑍𝑍0 ± �𝑍𝑍02 − 4𝑋𝑋22  (4-13) 
 
Substituting this in Equation (4-10) gives: 
𝑅𝑅 =  1
𝛽𝛽
(− tan−1(𝑍𝑍0 ± �𝑍𝑍02 − 4𝑋𝑋22𝑋𝑋 )) (4-14) 
 
Equation (4-14) shows the length between the element and short circuit termination. 
Equation (4-14) is plotted in Figure (4-6). 
 
Figure 4-6 Length to short circuit termination versus reactance, using Equations (4-14); 𝒁𝒁𝟎𝟎 = 𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀 
and 𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦 
 
Figure (4-6) shows the length to the short circuit termination for different values of element 
reactance, for which the reflection coefficient will be zero. X can be positive and inductive or 
negative and capacitive as shown in the figure.  
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For a certain value of reactance, different lengths between the element and termination are 
found. From Figure (4-6), for an inductive element two different lengths are found and for the 
capacitive element also another two lengths are found. Each pair of lengths, one is obtained 
from capacitive and one from inductive graphs, simultaneously yield a distinct resistance 
value to give zero reflection. These two resistance values are found from the diagram 
illustrated in Figure (4-5).  
 
Figure 4-7 S11 versus frequency for different R and X 
 
Figure (4-7) shows the graph of S11 versus frequency of a resistive and inductive element 
located at specific lengths from the back short using Equations (4-14) and (4-12) to get zero 
reflection coefficients. There are a number of values for resistances and their corresponding 
reactance calculated to have a minimum reflection coefficient. They all have a minimum at 
centre frequency which is 10 GHz. The bandwidths (BW) of these graphs are calculated from 
[35] 
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𝑅𝑅𝑉𝑉 = (𝑓𝑓𝐻𝐻 − 𝑓𝑓𝐿𝐿)
𝑓𝑓𝑐𝑐
 
(4-15) 
 
Here 𝑓𝑓𝐻𝐻is the higher frequency of that band; 𝑓𝑓𝐿𝐿is the lower frequency of the band and 𝑓𝑓𝑐𝑐 is the 
centre frequency. The lower and higher frequencies are taken at the -20 dB bandwidth levels 
and the values are plotted in Figure (4-7). The maximum bandwidth occurs at R~380 Ω but 
this is dependent upon the level in S11 where fH and fL are taken. 
 
Figure 4-8 Resistance versus corresponding S11 bandwidth at -20 dB 
 
Figure (4-8) shows that the maximum -20 dB bandwidth at frequency of 10 GHz is achieved 
when resistance is 380 Ω and reactance is 156.04Ω; and it is about 6%.  
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4-3 Resistance of a post in waveguide 
 
The above sections discuss generally any resistive and reactive element. Now moving on to 
look more specifically at a post, the DC resistance of a metal post can be calculated as: 
𝑅𝑅 = 𝜌𝜌 𝑍𝑍
𝐴𝐴
 
(4-16) 
 
here 𝜌𝜌 is the resistivity of material of the post, 𝑍𝑍 is the length of the post and 𝐴𝐴 is the area of 
the cross-section of the post [19].  
 
If the cross section of the post is circular then the DC resistance can be calculated from: 
𝑅𝑅𝐷𝐷𝐷𝐷 = 𝑏𝑏𝜎𝜎𝜋𝜋𝑟𝑟2 (4-17) 
 
where 𝜎𝜎 is the electrical conductivity of the material of the post; 𝑏𝑏 is the length of the post 
and 𝑟𝑟 is the radius of the post cross-section. Equations (4-16) and (4-17) show that resistance 
of the post depends on its size (radius and length) and also conductivity of the material from 
which it is made. In the high frequency case the resistance equation for the post is modified to 
consider the effect of the frequency-dependent skin depth. 
𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 = 𝑏𝑏𝜎𝜎(𝜋𝜋𝑟𝑟2 − 𝜋𝜋(𝑟𝑟 − 𝛿𝛿)2) (4-18) 
Equation (4-18) is equivalent to Equation (4-17), only in that it is derived to operate in 
microwave frequencies where the skin depth matters and has to be considered. The 
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Figure (4-9) shows the cross section of the conductive post used to derive Equation (4-18), 
where the radius 𝑟𝑟, is much larger than the skin depth, 𝛿𝛿, i.e. 𝑟𝑟 ≫ 𝛿𝛿. 
 
Figure 4-9 Cross-section of the post with skin depth δ and radius 𝒓𝒓 
 
In order to plot Equation (4-18) we need to consider the skin depth. The current distribution 
varies as:  
𝐼𝐼 = 𝐼𝐼0𝑒𝑒−𝑜𝑜𝛿𝛿 (4-19) 
 
Where 𝐼𝐼0 is the amplitude of the current at the surface and 𝛿𝛿 is the skin depth and it is given 
by [34]: 
𝛿𝛿 = � 2
𝜇𝜇𝑗𝑗𝜎𝜎
= 1
�𝜋𝜋𝑓𝑓𝜇𝜇𝜎𝜎
 
(4-20) 
 
It is a function of conductivity and frequency. A graph of 𝐼𝐼
𝐼𝐼0
 versus depth of penetration r is 
plotted in Figure (4-10). 
𝑟𝑟 
𝛿𝛿 
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Figure 4-10- Figure of 𝑰𝑰
𝑰𝑰𝟎𝟎
 versus penetration depth 𝒓𝒓 at f = 10 GHz 
 
Figure (4-10) shows how the current varies as it penetrates the post. From the figure, when 
the current is at the surface of the post it is maximum and as it penetrates in the post it 
becomes smaller, until it penetrates within a thickness of a few skin depths where it has been 
almost completely attenuated.  
 
For the case of DC, where 𝑓𝑓 = 0 Hz, 𝛿𝛿 approaches infinity, this means that the depth in 
which the current will propagate in the conductor is limitless and can be taken as the radius; 
therefore the equation converges to Equation (4-17). Of course the equation is invalid if the 
skin depth becomes greater than the radius. On the other hand, as the frequency increases, the 
skin depth decreases and Equation (4-17) is valid [34]. 
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Figure 4-11 Resistance Equation (4-18) versus radius of the post 
 
Figure (4-11) shows graphs of the post resistance Equation (4-18) when the post radius 
changes for different electrical conductivities ranging from 𝜎𝜎 = 10+5 to 10+6 Sm−1. Looking 
from right to left it can be seen that as the radius decreases for each of the material’s 
conductivity, at a certain radius the resistance of the post becomes large. This occurs when 
the denominator of Equation (4-18) approaches zero. That is: 
𝜎𝜎(𝜋𝜋𝑟𝑟2 − 𝜋𝜋(𝑟𝑟 − 𝛿𝛿)2) = 0 
𝑟𝑟 = 𝛿𝛿2 
 
As an example, the blue graph with 𝜎𝜎 = 1 × 105 Sm−1 is selected and the skin depth for that 
material is calculated from Equation (4-20) to be 𝛿𝛿 = 1.59 × 10−5m and radius is found. 
𝑟𝑟 = 𝛿𝛿2 = 7.95 µm 
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Looking at the graph, the radius at which the resistance goes to ±∞ at 𝑟𝑟 = 7.95 µm is 
pointed too with an arrow on the graph. This is valid for all the other graphs for different 
electrical conductivities. Obviously this shows the limitation of this equation. 
 
Another equation for resistance is found from [49] and it is the resistance of a round wire that 
is valid for any arbitrary frequency. It is derived using Bessel functions of the first kind [49]. 
 
𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇 = 𝑅𝑅𝑠𝑠
√2𝜋𝜋𝑟𝑟 [ber 𝑞𝑞bei′ 𝑞𝑞 − bei 𝑞𝑞ber′ 𝑞𝑞(ber′𝑞𝑞)2 + (bei′𝑞𝑞)2 ] (4-21) 
 
𝑅𝑅𝑠𝑠 is the surface resistance, given in Equation (4-22); r is the radius of wire; ber and bei are 
Kelvin functions and they are the real and imaginary part of the first kind Bessel function, 
respectively. ber′ and bei′are the derivatives of ber and bei functions. Also: 
𝑅𝑅𝑠𝑠 = 1𝛿𝛿𝜎𝜎 (4-22) 
𝑞𝑞 = √2𝑟𝑟
𝛿𝛿
 
(4-23) 
 
q is a parameter, that is √2 times of ratio of post radius to skin depth [49]. For high 
frequencies Equation (4-21) is reduced to [49]: 
𝑅𝑅𝐻𝐻𝑐𝑐𝑔𝑔ℎ = 𝑅𝑅𝑠𝑠2𝜋𝜋𝑟𝑟 (4-24) 
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Figure 4-12 Resistance of post versus post radius, Equation (4-24), f=10 GHz and 𝝈𝝈 = 𝟗𝟗.𝟏𝟏𝟓𝟓 × 𝟏𝟏𝟎𝟎𝟔𝟔 𝐒𝐒𝐦𝐦−𝟏𝟏 
 
Figure (4-12) shows the graph of resistance from Equation (4-24) for different values of the 
post radius. This equation is derived from Equation (4-21) and it is used to calculate the 
resistance of the post at high frequencies. The frequency of operation here is 10 GHz and the 
post is made of platinum (𝜎𝜎 = 9.52 × 106 Sm−1). Only the range of resistances that are valid 
for the matched post are considered in the graph. 
 
To calculate the post resistance at low frequencies, another equation is derived from 
Equation (4-21) which is provided below [49]: 
𝑅𝑅𝐿𝐿𝑜𝑜𝐿𝐿 = 1𝜋𝜋𝑟𝑟2𝜎𝜎 [1 + 148 �𝑟𝑟𝛿𝛿�2] (4-25) 
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Figure 4-13 Resistance versus post radius- Equation (4-25), f= 10GHz and 𝝈𝝈 = 𝟗𝟗.𝟏𝟏𝟓𝟓 × 𝟏𝟏𝟎𝟎𝟔𝟔 𝐒𝐒𝐦𝐦−𝟏𝟏 
Figure (4-13) shows the graph of resistance using Equation (4-25) versus different values of 
post radius. Here only the range of resistances that are valid for the post with zero reflection 
coefficient are shown in the graph. 
 
Figure 4-14 comparing different resistance equations, graph of resistance versus 
platinum (𝝈𝝈 = 𝟗𝟗.𝟏𝟏𝟓𝟓 ×  𝟏𝟏𝟎𝟎𝟔𝟔 𝐒𝐒𝐦𝐦−𝟏𝟏) post radius at f = 10 GHz, Equation (4-18),(4-21),(4-24),(4-25). 
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All the equations for calculating post resistance are plotted in Figure (4-14). As expected, it is 
shown that for smaller radiuses  𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇 and  𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 have the same values; whereas  𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ is 
different. As the size of the radius increases the graph of 𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿, Equation (4-25), starts to 
demerge from 𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇. At around the same radius when  𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 demerges from 𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇,  𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ starts to merge to it. 
 
Between the range of 𝑟𝑟 = 10−6 and 10−5 m, marked on the figure with a double arrow,  𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ and  𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 do not agree with  𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇 anymore, which is the graph of the equation valid 
for any arbitrary frequency, but  𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 agrees with it. This shows that for radiuses larger than 
𝑟𝑟 = 𝛿𝛿/2 Equation (4-18) is accurate and agrees with Equation (4-21). 
 
4-3-1 Comparing 𝑹𝑹𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 and 𝑹𝑹𝑯𝑯𝑩𝑩𝒈𝒈𝑯𝑯 (Equations (4-18) and (4-24)) 
 
When frequency and skin depth is constant and the size of the radius increases, or when the 
radius is constant and the frequency increases resulting in decreasing skin depth 𝑟𝑟 ≫ 𝛿𝛿, then 
in Equation (4-18), the term with 𝛿𝛿2 becomes very small and can be neglected compared to 
the other term which results in:  
𝑅𝑅𝐵𝐵𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 = 12𝜎𝜎𝜋𝜋𝑟𝑟𝛿𝛿 (4-26) 
 
This is equal to Equation (4-24),  𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ that is derived for high frequencies. As can be seen in 
Figure (4-14), as the radius increases the magenta and orange graphs approach each other and 
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unite. Equation (4-18) seems to be more applicable than Equation (4-24) because it can be 
used for lower frequencies as well. 
 
4-3-2 Comparing 𝑹𝑹𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 and 𝑹𝑹𝒍𝒍𝒍𝒍𝒍𝒍 (Equations (4-18) and (4-25)) 
 
Equation (4-25) can be written as:  
𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 = 𝑅𝑅𝐷𝐷𝐷𝐷 + 148𝜋𝜋𝜎𝜎𝛿𝛿2 (4-27) 
 
It can be seen that for a constant radius as the skin depth increases 𝑟𝑟 ≪ 𝛿𝛿 or the frequency 
decreases, then the second term approaches zero and only the DC terms remain as expected.  
148𝜋𝜋𝜎𝜎𝛿𝛿2 → 0  
𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 = 𝑅𝑅𝐷𝐷𝐷𝐷  
 
Where 𝑅𝑅𝐷𝐷𝐷𝐷is constant for a single radius; when the frequency decreases 𝑓𝑓 → 0 then 𝛿𝛿 → ∞ 
and 𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 will also approach 𝑅𝑅𝐷𝐷𝐷𝐷. 
 
For a constant frequency, as the post radius increases 𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 decreases until the radius becomes 
large, 𝑟𝑟 ≫ 𝛿𝛿, then the DC part will be small and only the second term  remains. 
1
𝜎𝜎𝜋𝜋𝑟𝑟2
→ 0 
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𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿1 ≈
148𝜋𝜋𝜎𝜎𝛿𝛿2 (4-28) 
 
Meanwhile for the same characteristics, Equation (4-18) becomes Equation (4-26); so as the 
radius increases, Equation (4-18) also decreases. It is concluded that when 𝑟𝑟 = 24𝛿𝛿, 𝑅𝑅 =
𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿1.  
 
Figure 4-15 Resistance versus frequency for a platinum post with radius = 20 μm, Equations (4-18),( 4-21), 
(4-24) and (4-25) 
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Figure (4-15) shows the behaviour of different resistance equations for a platinum post with a 
constant radius, when the frequency of operation changes. As the frequency increases the 
skin depth decreases; therefore looking at the equations the resistance values are also 
increasing. Graphs of Equations (4-25) and (4-21) are almost the same from 100 Hz up to 
about 0.1 GHz. The graph of Equation (4-18) for this specific radius only starts from 0.01 
GHz and approaches the graph of Equation (4-21) and at about 1 GHz they almost unite. As 
the frequency becomes larger the graph of Equation (4-21) approaches the graph of 
Equation (4-24), which had very different values for lower frequencies. 
 
The resistance graphs in the range of frequencies between 0.1 GHz to 100 GHz are zoomed 
in. It can be seen that in this range the first graph of 𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ starts to merge with the graphs of 
𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 and 𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇 as expected and the graph of 𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 which had same values as 𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇 starts 
to have different values. Meanwhile the graph of 𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 remains equal to 𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇.  
 
From Figures (4-15) and (4-16), it can be concluded that Equation (4-18) is more reliable for 
a larger range of frequency and larger range of radiuses than 𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ and 𝑅𝑅𝑇𝑇𝑜𝑜𝐿𝐿 alone and it is 
much simpler than 𝑅𝑅𝐵𝐵𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑇𝑇. 
 
4-3-3 Resistance versus 𝒓𝒓
𝜹𝜹
 
 
Finally we will now compare the normalised resistance when they are all written in terms of  
𝑜𝑜
𝛿𝛿
 and divided by 𝑅𝑅𝐷𝐷𝐷𝐷; Assuming 
𝑜𝑜
𝛿𝛿
= 𝑟𝑟′. 
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Dividing Equation (4-18) by the DC resistance, Equation (4-17) in terms of ‘r’ can be written 
as follows: 
𝑅𝑅
𝑅𝑅𝐷𝐷𝐷𝐷
≅
𝑟𝑟2
𝛿𝛿2
1
�2 𝑟𝑟𝛿𝛿 − 1� = 𝑟𝑟′22𝑟𝑟′ − 1 (4-29) 
 
Dividing Equation (4-24) by the DC resistance, Equation (4-17) in terms of ‘r’ can be written 
as follows: 
𝑅𝑅𝐻𝐻𝑐𝑐𝑔𝑔ℎ
𝑅𝑅𝐷𝐷𝐷𝐷
≅
𝑟𝑟2𝛿𝛿 = 𝑟𝑟′2  (4-30) 
 
Dividing Equation (4-25) by the DC resistance, Equation (4-17) in terms of ‘r’ can be written 
as follows: 
𝑅𝑅𝐿𝐿𝑜𝑜𝐿𝐿
𝑅𝑅𝐷𝐷𝐷𝐷
≅ 1 + 𝑟𝑟248𝛿𝛿2 = 1 + 𝑟𝑟′248  (4-31) 
 
In Equation (4-21), q can be rewritten in terms of  𝑟𝑟. 
𝑞𝑞 = √2𝑟𝑟
𝛿𝛿
= √2𝑟𝑟′ 
 
The equation cannot be normalised with respect to the DC resistance and so is not included in 
the rest of this section. 
 
These normalised equations are plotted in Figure (4-16).  
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Figure 4-16 Resistance equations divided by Equation (4-17) versus 
𝒓𝒓
𝜹𝜹
 
 
Figure (4-16) shows the behaviour of the normalised Equations (4-29), (4-30), (4-31) 
independent of the effects of frequency. For large 𝒓𝒓
𝜹𝜹
 or when the skin depth is shallow, as 
expected the green graph 𝑅𝑅ℎ𝑐𝑐𝑔𝑔ℎ approaches the normalized 𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐 graph and at low 
frequencies and large skin depth, for a very small range of  𝑜𝑜
𝛿𝛿
 values, the blue graph 𝑅𝑅𝐿𝐿𝑜𝑜𝐿𝐿 has 
very close values to the magenta graph, 𝑅𝑅𝑏𝑏𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐. 
 
From the above discussion, it is possible to find a suitable equation for the resistance of the 
post. This can then be chosen to give an appropriate value for having a zero reflection 
coefficient in the power sensor described earlier. However, the reactance is also needed and 
this is discussed in the next section. 
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4-4 Reactance of a post in waveguide 
 
An equation for the reactance of a post with radius 𝑟𝑟 in a waveguide is provided in [47] [50] 
𝑋𝑋𝑝𝑝𝑜𝑜𝑠𝑠𝑜𝑜 = 𝑍𝑍0 𝑅𝑅 [ln �2𝑅𝑅𝜋𝜋𝑟𝑟� − 2]−2𝑗𝑗𝜆𝜆𝑔𝑔 = 𝑗𝑗𝑍𝑍0 𝑅𝑅 [ln �2𝑅𝑅𝜋𝜋𝑟𝑟� − 2]2𝜆𝜆𝑔𝑔  (4-32) 
 
Equation (4-32) represents the reactance of an inductive post and it is dependent on 
characteristic impedance of the waveguide; 𝑅𝑅 is the width of the waveguide and 𝜆𝜆𝑔𝑔 is the 
guided wavelength. 
 
The graph of 𝑋𝑋𝑝𝑝𝑜𝑜𝑠𝑠𝑜𝑜 against the changes in radius 𝑟𝑟 is plotted in Figure (4-17). In this figure 
for post radiuses larger than 2 mm, the value of the reactance becomes negative and the 
equation becomes invalid for radiuses approaching this value. This should be kept in mind 
and the equation should be used only for post radiuses smaller than 2 mm for the X-band 
waveguide. From Figure (4-6) it is understood that the suitable range of reactance values is 
between 0 to 222 Ω for the power sensor. Only the post radiuses in this range of reactance are 
shown in Figure (4-17). So from the graph, it is evident that to get a valid value for the 
reactance, the radius of the post should be in range of about 0.3 mm (~222 Ω) to almost 
2 mm (~0 Ω). 
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Figure 4-17 Post reactance Equation (4-32) versus post radius, X band waveguide; a = 22.86 mm, 
b = 10.16 mm, 𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦  and 𝒁𝒁𝟎𝟎 = 𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀 
 
Equations from Potok [50], Mongomery [19] and from Lancaster [47] are the same which is 
equal to Equation (4-32). Equations from Bianchi [51] and Marcuvitz [52] are more involved 
and are discussed below. 
 
The normalized reactance of a post from Bianchi [51] is: 
𝑋𝑋𝐵𝐵𝑐𝑐𝑇𝑇𝑚𝑚𝑐𝑐ℎ𝑐𝑐 = [4𝜋𝜋𝛽𝛽𝑅𝑅 [ln � 𝑅𝑅𝜋𝜋𝑟𝑟� − 1 + 2 � 𝑅𝑅𝜋𝜋𝑟𝑟�2 � � 𝜋𝜋𝑅𝑅𝛾𝛾𝑚𝑚 − 1𝑛𝑛� sin2(∞
𝑚𝑚=3,5,..
𝑛𝑛𝜋𝜋𝑟𝑟
𝑅𝑅
)]−1]−1 (4-33) 
 
In Equation (4-33) 𝑟𝑟 is the radius of the post; 𝛽𝛽 is the propagation constant; 𝑅𝑅 is the width of 
the waveguide and 𝛾𝛾𝑚𝑚 is given by 
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𝛾𝛾𝑚𝑚 = ��𝑛𝑛𝜋𝜋𝑅𝑅 �2 − 𝑗𝑗2𝜇𝜇𝜇𝜇 (4-34)  
𝑗𝑗 is the angular frequency of operation; 𝜇𝜇 is permittivity the of the material; 𝜇𝜇 is the 
permeability of the material. 
 
In addition the equation of normalized inductance of the post from Marcuvitz [52] is:  
𝑋𝑋𝑀𝑀𝑇𝑇𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝛾𝛾 = 𝑍𝑍0( 𝑅𝑅2𝜆𝜆𝑔𝑔 �𝑆𝑆0 − �𝜋𝜋𝑑𝑑2𝜆𝜆�2 − 58 �𝜋𝜋𝑑𝑑2𝜆𝜆�4 − 2 �𝜋𝜋𝑑𝑑2𝜆𝜆�4 �𝑆𝑆2 − 2𝑆𝑆0 𝜆𝜆2𝜆𝜆𝑔𝑔2�2�
+ 𝑋𝑋𝑏𝑏2𝑍𝑍0) 
(4-35) 
 
Where d is the diameter of the post; 𝜆𝜆 is the wavelength; 𝜆𝜆𝑔𝑔is the guided wavelength; 𝑅𝑅 is the 
width of the waveguide and 
𝑋𝑋𝑏𝑏
𝑍𝑍0
= 𝑅𝑅
𝜆𝜆𝑔𝑔
(𝜋𝜋𝑑𝑑𝑅𝑅 )21 + 12 �𝜋𝜋𝑑𝑑𝜆𝜆 �2 (𝑆𝑆2 + 34) 
(4-36) 
𝑋𝑋𝑏𝑏
𝑍𝑍0
≈
𝑅𝑅
𝜆𝜆𝑔𝑔
(𝜋𝜋𝑑𝑑𝑅𝑅 )21 + 1124 �𝜋𝜋𝑑𝑑𝑅𝑅 �2 
(4-37) 
𝑆𝑆0 = ln 4𝑅𝑅𝜋𝜋𝑑𝑑 − 2 + 2 � [ 1
�𝑛𝑛2 − (2𝑅𝑅𝜆𝜆 )2 − 1𝑛𝑛]
∞
𝑚𝑚=3,5,..  
(4-38) 
𝑆𝑆2 = ln 4𝑅𝑅𝜋𝜋𝑑𝑑 − 52 + 113 � 𝜆𝜆2𝑅𝑅�2 − (𝜆𝜆𝑅𝑅)2 � [�𝑛𝑛2 − �2𝑅𝑅𝜆𝜆 �2 − 𝑛𝑛 + 2𝑛𝑛 (𝑅𝑅𝜆𝜆)2]∞
𝑚𝑚=3,5,…  
(4-39) 
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Equations (4-32) to (4-35) for post reactance are plotted and compared in figure (4-18). 
 
Figure 4-18 Normalized reactance equations versus radius of the post at f = 10 GHz, X band waveguide; 
a = 22.86 mm, b = 10.16 mm, 𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝒎𝒎𝒎𝒎  and 𝒁𝒁𝟎𝟎 = 𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀 
 
Figure (4-18) shows the graph of different normalized reactance equations at f =10 GHz. 
They are independent of the electrical conductivity of the material. Each of the equations 
covers a range of post radiuses but three of them become negative for radiuses larger than 
2 mm and Equations (4-33) and (4-35) become negative for radiuses larger than 4 mm. Since 
three out of these five equations from different sources are identical, it seems more 
convincing to proceed, using them. 
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4-5 Impedance of the post in waveguide 
 
 
Figure 4-19 The WR90 waveguide structure with inductive post – designed in CST microwave Studio by 
student 
 
Figure (4-19) shows the structure of a short circuited WR90 waveguide with an inductive 
post located at specific distance to the termination. Now for a post that is equivalent to a 
resistance in series with inductance, the impedance is determined using the resistance 
equation as the real part and the inductance for the imaginary part, as given below: 
𝑍𝑍𝑝𝑝𝑜𝑜𝑠𝑠𝑜𝑜 = 𝑏𝑏𝜎𝜎(𝜋𝜋𝑟𝑟2 − 𝜋𝜋(𝑟𝑟 − 𝛿𝛿)2) + 𝑗𝑗𝑍𝑍0 𝑅𝑅 × [ln �2𝑅𝑅𝜋𝜋𝑟𝑟� − 2]2𝜆𝜆𝑔𝑔  (4-40) 
 
From the Equation (4-40), both the resistance and inductance are a function of frequency and 
radius. The real part of 𝑍𝑍𝑝𝑝𝑜𝑜𝑠𝑠𝑜𝑜  is Equation (4-18) and the imaginary part is Equation (4-32). For 
the power sensor, there is only a specific range of radiuses that will result in the suitable 
value for reactance and resistance as described above. 
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In Figure (4-8), it was found that the bandwidth for R=380 Ω is the widest at f =10 GHz 
along with having zero reflection; therefore it is considered here as it gives the best result.  
 
For R= 380 Ω, from Equation (4-11) reactance is calculated to be 𝑋𝑋 = 156.04 Ω and from 
Equation (4-32) the radius is found to be 𝑟𝑟 = 0.581 mm. From Equation (4-12) the length to 
back-short is found to be 𝑅𝑅 = 7.4 mm. Using these values and Equation (4-18) and 
considering the X-band waveguide, the specific conductivity of 𝜎𝜎 = 33.41 (S/m) is 
calculated for the post at f = 10 GHz. 
 
These values provide zero reflection coefficient from the analytical theory described above. 
To check this theory a post in a waveguide is simulated using full-wave simulation software. 
Figure (4-20) shows the graph of S11 versus frequency for a post located at the calculated 
distance to the short circuit termination of an X-band waveguide, simulated with CST 
microwave Studio software [28]. All the parameters used for this design are those described 
in previous paragraph. 
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Figure 4-20 graph of S11 versus frequency for X band waveguide; a = 22.86 mm, b = 10.16 mm, 𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦  
and 𝒁𝒁𝟎𝟎 = 𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀 with post with 𝒓𝒓 = 𝟎𝟎.𝟏𝟏𝟎𝟎𝟏𝟏 𝐦𝐦𝐦𝐦 and 𝝈𝝈 = 𝟑𝟑𝟑𝟑.𝟒𝟒𝟏𝟏 𝑺𝑺/𝒎𝒎 located at 𝒍𝒍 = 𝟕𝟕.𝟒𝟒 𝐦𝐦𝐦𝐦 to the 
termination produced by CST Microwave Studio 
 
As can be seen a good response with low S11 is achieved; a return loss of 27 dB at 
f =10.5 GHz and about -16 dB at f = 10 GHz, which is the frequency of operation.  
 
In order to get a better result at f =10 GHz, optimization is used and the result is shown in 
Figure (4-21). The size of the radius and position of the post in the waveguide are altered 
slightly to achieve a dip closer to f = 10 GHz, resulting in S11 of -41 dB just above 
f =10 GHz. 
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Figure 4-21 optimized S11 versus frequency for X band waveguide; a = 22.86 mm, b = 10.16 mm, 𝝀𝝀𝒈𝒈 =
𝟒𝟒𝟎𝟎 𝒎𝒎𝒎𝒎 and 𝒁𝒁𝟎𝟎 = 𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝜴𝜴 with a post with a radius 𝒓𝒓 = 𝟎𝟎.𝟏𝟏𝟎𝟎𝟏𝟏 𝐦𝐦𝐦𝐦 and 𝝈𝝈 = 𝟑𝟑𝟑𝟑.𝟒𝟒𝟏𝟏 𝑺𝑺/𝒎𝒎 located at 
𝒍𝒍 = 𝟎𝟎 𝐦𝐦𝐦𝐦 to the termination 
 
Of course this post can not be easily made as the conductivity of the material is not met by a 
common material. However, this chapter fully confirms the analytic theory with a numerical 
example. For further interest Figure (4-22) shows the power flow in the waveguide.  
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Figure 4-22 Power flow in X band waveguide; a = 22.86 mm, b = 10.16 mm, 𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦  
and 𝒁𝒁𝟎𝟎 =  𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀 with a post with radius 𝒓𝒓 = 𝟎𝟎.𝟏𝟏𝟎𝟎𝟏𝟏 𝐦𝐦𝐦𝐦 and 𝝈𝝈 = 𝟑𝟑𝟑𝟑.𝟒𝟒𝟏𝟏 𝐒𝐒/𝐦𝐦 located at 𝒍𝒍 = 𝟎𝟎 𝐦𝐦𝐦𝐦 to the 
termination. 
 
As can be seen the arrows showing the power flow have almost stopped as they have reached 
the post. This shows that the power is absorbed by the post and therefore it doesn’t go any 
further. 
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CHAPTER 5- THIN FILM BOLOMETER 
 
In this chapter a thin film is used as the power sensor in the design of a power detector. The 
thin film is useful as it can be used up to millimetre wave frequencies in convenient 
integrated designs. Initially a paper by Lane and Evans [29] is followed in this chapter for the 
design of a thin film power detector and the results in the paper are simulated and verified. 
After the design technique is examined and understood, a similar method is used to design a 
power detector with a platinum film element. 
 
5-1 Thin film bolometer 
 
In this section a thin film power detector is designed using the transmission line theory 
explained in Chapter 3 and some of the matching calculations discussed in Chapter 4. The 
aim is to design a power detector with a simple platinum thin film, located at distance 𝑅𝑅 to the 
short circuit termination, connected to the broad walls of the X-band waveguide as shown in 
Figure (5-1). 
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Figure 5-1 (a) The rectangular waveguide with thin film located at distance l to termination, (b) The thin film 
structure consisting of the thinner metal film on thicker glass substrate. 
 
Figure (5-1a) shows the structure of thin film in the X-band waveguide and Figure (5-1b) 
shows the thin film element from a closer perspective. It consists of the conductive film 
shown in blue with small thickness (𝑡𝑡) attached to the substrate shown in grey, of almost the 
same size with a larger thickness (𝑡𝑡𝑠𝑠).  
 
The approach taken here is to follow the paper by Lane and Evans [29]; since this paper has 
designed a very similar power detector and used the same method of matching that is used in 
Chapter 4 for our post element. The attempt is to understand and check the theory they have 
used and to repeat their calculation in order to confirm their results. Later the structure will be 
simulated. Most of the values and steps they have taken are described in the paper, but some 
of the parameters such as the film thickness are not given, so the calculations are done here to 
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get the estimated values before carrying out a simulation in CST microwave Studio. Most of 
the equations are the same as those used in Chapter 4 and they have been repeated here for 
convenience. 
 
Similar to the post element in Chapter 4, the impedance of the thin film element has also a 
resistive part and a reactive part. 
 𝑍𝑍𝐹𝐹𝑐𝑐𝑇𝑇𝑚𝑚 = 𝑅𝑅 + 𝑗𝑗𝑋𝑋 (5-1) 
 
Considering the thin film in the short circuited waveguide, the input impedance can be 
calculated from: 
𝑍𝑍𝑐𝑐𝑚𝑚 = (𝑅𝑅 + 𝑗𝑗𝑋𝑋)𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐𝑅𝑅 + 𝑗𝑗𝑋𝑋 + 𝑗𝑗𝑋𝑋𝑠𝑠𝑐𝑐 (5-2) 
 
Equation (5-2) is the input impedance looking from where the film is located; R is the 
resistance of the film and X is the reactance; 𝑋𝑋𝑠𝑠𝑐𝑐 is the equivalent reactance of the short 
circuit line and it is given below: 
𝑋𝑋𝑠𝑠𝑐𝑐 = 𝑍𝑍0tan𝛽𝛽𝑅𝑅 (5-3) 
 
Equation (5-2) is then divided into a real part and an imaginary part. To have a matched 
circuit, the real part is equivalent to the characteristic impedance of the waveguide and gives 
𝑍𝑍0 = 𝑅𝑅2 + 𝑋𝑋2𝑅𝑅  (5-4) 
The imaginary part has to be cancelled and making it equivalent to zero, gives: 
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𝑋𝑋𝑠𝑠𝑐𝑐 = −(𝑅𝑅2 + 𝑋𝑋2)𝑋𝑋  (5-5) 
 
Considering Equations (5-3), (5-4) and (5-5), the relationship given below can be derived. 
tan (2𝜋𝜋𝑅𝑅
𝜆𝜆𝑔𝑔
) = −𝑅𝑅
𝑋𝑋
 
(5-6) 
 
From this equation the separation distance between the film and short circuit termination can 
be calculated or in the case of Lane and Evans measured experimentally [29]. 
 
The short circuit termination of the waveguide is highly conductive providing a low loss short 
across the waveguide. In Lane and Evans’ work the film resistance is of the order of the 
waveguide impedance, so the separation distance between the thin film and terminations will 
be an odd multiple of quarter wavelength at the operating frequency [53]. 
 
Furthermore, in Lane and Evans’ work, the material of the film element is nichrome (𝜎𝜎 =  9.09 × 105 S/m) deposited on a glass strip of 0.012 cm thickness and 0.4 cm width 
and with the height the same as the waveguide. The thickness of the metallic film is not 
specified directly in the paper, only that it is in the order of nano metres.  
 
Two different cases are considered in this paper [29]; one tunable bolometer and one 
pretuned. 
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5-1-1 First case 
 
In the first case the position of the film bolometer is tuneable. The length between the film 
and the short circuit termination of the waveguide is adjusted and measured experimentally. 
The width of the nichrome film is given as 0.397 cm. The tuneable bolometer functions 
between 8.5-10 GHz and the optimum VSWR close to 1 is achieved at f =8.55 GHz. The film 
resistance that results in matching is calculated using the equation for DC resistance of 
metallic film and it is given as 
𝑅𝑅 = 𝑅𝑅𝐷𝐷𝐷𝐷 = 𝜌𝜌 𝑍𝑍𝐴𝐴 = 𝜌𝜌𝑅𝑅𝑡𝑡𝑅𝑅 (5-7) 
 
From Equation (5-7) 𝑅𝑅 = 509 Ω and from this result we can calculate the thickness of the 
thin film to be 𝑡𝑡 = 5.53 nm. The distance between the thin film and short circuit termination 
after tuning is 𝑇𝑇
𝜆𝜆𝑔𝑔
= 0.272; that is a distance of 𝑅𝑅 = 14.9 mm, which is slightly greater than a 
quarter of the guided wavelength (13.7 mm). The reactance must also be considered and is 
given by: 
𝑋𝑋 = −𝑅𝑅tan (2𝜋𝜋𝑅𝑅𝜆𝜆𝑔𝑔 ) (5-8) 
 
Lane and Evans have used Equation (5-8) to calculate the inductive reactance. This is 
dependent on the value of the length to back short which was found experimentally 
previously; X is calculated experimentally here to be 𝑋𝑋 = 71 Ω. 
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For a rectangular waveguide with TE10 mode, the characteristic impedance is given by 
Equation (3-25) and reproduced below:  
𝑍𝑍𝐿𝐿𝑐𝑐 = 2𝑏𝑏𝑅𝑅 377𝜆𝜆𝑔𝑔𝜆𝜆  (5-9) 
 
From Equation (5-4), characteristic impedance is measured experimentally to 
be 𝑍𝑍0 =  519 Ω, but using the theoretical Equation (5-9), it will be 521 Ω, which is almost the 
same. 
 
Now the VSWR can be calculated based on Lane and Evans’ data using the equation for 
reflection coefficient (Equation (3-7)) and Equation (3-9) and using: 
𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 = 1 + |𝛤𝛤|1 − |𝛤𝛤| (5-10) 
 
Using the VSWR it is possible to compare directly the Lane and Evans’ result with our 
calculations as their paper gives a graph of VSWR versus frequency. All the parameters used 
to make this design are tabulated in Table (5-1). 
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Table 5-1 Parameters of design for thin nichrome film on glass substrate to operate at f = 8.55 GHz in X-band 
waveguide 
Parameter Value Parameter Value 
Film height 10.16 mm Length to back-short 14.9 mm 
Film thickness 5.53 nm Guided wavelength 54.7 mm 
Film width 3.97 mm Film conductivity 9.09 e+5 S/m 
Substrate height 10.16 mm Film resistivity 1.10 e-6 Ω.m 
Substrate thickness 0.12 mm Substrate resistivity 1e+11 Ω.m 
Substrate width 4 mm Skin depth 5.70 µm 
Characteristic impedance 519 Ω   
 
Figure (5-2) shows the graph of VSWR versus frequency that is derived using the given 
equations and the parameter values of Lane and Evans, as discussed above. As expected at 
f = 8.55 GHz, a VSWR of almost 1 is achieved. 
 
Figure 5-2 VSWR versus frequency for X band waveguide with nichrome film on the glass substrate- design 
parameters are given in Table (5-1) 
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The same parameter values in Table (5-1) are used to design the structure in CST Microwave 
STUDIO simulation software to see if the results are compatible. 
 
Figure 5-3 The WR90 waveguide structure with inductive thin film – Designed in CST MICROWAVE 
STUDIO  
Figure (5-3) shows the structure of the WR90 waveguide with the film element used in CST 
MICROWAVE STUDIO. All the design parameters are given in Table (5-1). 
 
Figure 5-4 S11 versus frequency for X band waveguide with nichrome film on the glass substrate- design 
parameters are given in Table (5-1) 
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Figure (5-4) shows the S11 graph for the designed structure. It is important to remember that 
the structure is designed based on the information given in Lane and Evans’ paper as 
described previously [29]. As expected the S11 value is lowest at f =8.55 GHz where the film 
size and location have been adjusted to have maximum absorption at this frequency. 
 
Figure 5-5 VSWR versus frequency for X band waveguide with nichrome film on the glass substrate- design 
parameters are given in Table (5-1) 
 
Figure (5-5) shows the VSWR graph versus frequency that is plotted in CST MICROWAVE 
STUDIO following the S11 graph given in Figure (5-4). This is plotted in order to compare 
directly with the VSWR plot in the paper by Lane and Evans. The minimum value is at f 
=8.55 GHz and it is about 1.06. 
98 
 
 
Figure 5-6 VSWR versus frequency taken from [29] 
 
Figure (5-6) shows the VSWR versus frequency graph from the paper by Lane and Evans 
[29]. In this figure the minimum value is also at f = 8.55 GHz and the value is almost 1. 
Comparing Figures (5-4) and (5-5) and (5-6) show good compatibility although the optimum 
value in Figure (5-5) given by CST MICROWAVE STUDIO is 0.05 worse. 
 
5-1-2 Second case 
 
The second case in the Lane and Evans paper is to design a pretuned bolometer. In this case 
the film element position in the waveguide is not tuneable and it is fixed at a predetermined 
location. The film is located at 𝑅𝑅 = 13 mm or 𝑇𝑇
𝜆𝜆𝑔𝑔
= 0.282 to the back-short, which is slightly 
larger than a quarter of the guided wavelength. The nichrome film with a width of 0.356 cm 
is deposited on the glass substrate with the same dimensions as in the previous case. The DC 
resistance that leads to a matched circuit this time is 𝑅𝑅 = 446 Ω and the thickness of the thin 
film is calculated from this DC resistance Equation (5-7) to be 𝑡𝑡 = 7.038 nm. The inductive 
reactance value is calculated from Equation (5-6) to be 𝑋𝑋 = 91 Ω. The optimum VSWR is 
achieved at f = 9.26 GHz in the paper. Using Equation (5-4) the characteristic impedance is 
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calculated experimentally to be 𝑍𝑍0 = 465 Ω and using Equation (5-9) gives a slightly 
different result of 𝑍𝑍𝐿𝐿𝑐𝑐 = 475 Ω.  
 
Table 5-2 Parameters of design for thin nichrome film on glass substrate to operate at f = 9.26 GHz in X-band 
waveguide 
Parameter Value Parameter Value 
Film height 10.16 mm Length to back-short 13 mm 
Film thickness 7.038 nm Guided wavelength 45.9 mm 
Film width 3.56 mm Film conductivity 9.09 e+5 S/m 
Substrate height 10.16 mm Film resistivity 1.10 e-6 Ω.m 
Substrate thickness 0.12 mm Substrate resistivity 1e+11 Ω.m 
Substrate width 4 mm Skin depth 5.48 µm 
Characteristic impedance 465 Ω   
 
The calculated parameters are given in Table (5-2) and the resultant VSWR is shown in 
Figure (5-7). Using the parameter values described above, the VSWR of almost 1.01 is 
achieved at f = 9.26 GHz. 
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Figure 5-7 VSWR versus frequency for X band waveguide with nichrome film on the glass substrate- design 
parameters are given in Table (5-2) 
 
The next step is to use the same parameters given in Table (5-2) to design the structure in 
CST MICROWAVE STUDIO and compare the calculation and simulation results. 
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Figure 5-8 S11 versus frequency for X band waveguide with nichrome film on the glass substrate- design 
parameters are given in Table (5-2) 
 
Figure (5-8) shows the S11 graph for the designed structure. The structure is designed in CST 
MICROWAVE STUDIO based on the information given in Table (5-2) which is for the 
second case of the pretuned bolometer, in Lane and Evans’ paper [29]. As expected the S11 is 
lowest at f = 9.26 GHz. 
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Figure 5-9 VSWR versus frequency for X band waveguide with nichrome film on the glass substrate- design 
parameters are given in Table (5-2) 
 
Figure (5-9) shows the VSWR graph versus frequency that is plotted in CST MICROWAVE 
STUDIO with the same parameters as the S11 graph given in Figure (5-8). The VSWR 
minimum value is at f = 9.26 GHz and it is about 1.07. 
 
Figure 5-1 VSWR versus frequency taken from [29] 
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Figure (5-10) shows the graph of VSWR versus frequency of Lane and Evans’ paper. It 
shows that at frequency 9.26 GHz there is an optimum value of the VSWR and it is very 
close to 1. This is a good match with the results generated from the calculations and in CST 
MICROWAVE STUDIO, provided in Figures (5-7) and (5-9). There is only about 0.05 
difference between the optimum value in Figure (5-10) and Figure (5-9) derived in CST 
MICROWAVE STUDIO. 
 
All these results confirm the theory is fully understood and followed correctly and the next 
section goes on to design a thin film with platinum instead of nichrome. 
 
5-2 Platinum film bolometer 
 
Now that the method Lane and Evans used is understood and verified, it is used to design a 
similar power sensor with platinum film. The method of designing the thin film bolometer is 
very similar to that which was derived in Chapter 4 for the metal post element.  
 
The values of resistance and reactance of the thin films should be found in such a way to 
result in a zero reflection coefficient. To achieve it, Equation (5-4) is used to make sure the 
real part is equal to the characteristic impedance, which is calculated from Equation (5-8); 
and Equation (5-5) is used to make sure the imaginary part is zero.  
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Using these equations and Equation (5-6), the graph of the reflection coefficient versus length 
for a resistive and inductive element that is given in Chapter 4, for different values of 
resistance and their corresponding value of reactance, is plotted. Here it is plotted only 
for 𝑅𝑅 = 444.08 Ω and from Equation (5-4) X must be 0.61 Ω. The length at which this 
resistive and inductive element leads to a minimum reflection coefficient is shown in 
Figure (5-11) and it is found from Equation (5-6) which is repeated below: 
𝑅𝑅 =  1
𝛽𝛽
tan−1(−𝑅𝑅
𝑋𝑋
) (5-11) 
 
Figure 5-11 Reflection coefficient of resistive and inductive element versus length to 
back- short, 𝑹𝑹 =  𝟒𝟒𝟒𝟒𝟒𝟒.𝟎𝟎𝟎𝟎 𝛀𝛀,  𝑿𝑿 = 𝟎𝟎.𝟔𝟔𝟏𝟏 𝛀𝛀,𝝀𝝀𝒈𝒈 = 𝟒𝟒𝟎𝟎 𝐦𝐦𝐦𝐦 
 
As can be seen in Figure (5-11) the minimum reflection coefficient for 𝑅𝑅 = 444.08 Ω and 
X = 0.61 Ω occurs when the film is located at 𝑅𝑅 = 0.25𝜆𝜆𝑔𝑔 = 9.9 mm and 
𝑅𝑅 = 0.75𝜆𝜆𝑔𝑔 =  29.8 mm to the back-short.  
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An equation for calculating the normalized reactance of a thin film is given in Marcuvitz [52] 
and Sakurai [32]:  
𝑋𝑋
𝑍𝑍0
= 𝑅𝑅2 [ln � 8𝑅𝑅𝜋𝜋𝑒𝑒2𝑅𝑅� + 427 �𝑅𝑅𝜆𝜆�2] (5-12) 
 
This equation is plotted in Figure (5-12) and is valid only when the ratio of film width to the 
waveguide cross-section width agrees with the condition of  𝐿𝐿
𝑇𝑇
≪ 0.15, which is achieved 
here. Therefore this equation can be used to find the width for which the reactance is 
X = 0.61 Ω and it is found to be w ≈ 1 mm.  
 
Figure 5-12 Normalized reactance Equation (5-12) versus film width 
 
On the other hand, the film resistance can be calculated from the DC resistance 
Equation (5-7) and it is determined to be 𝑅𝑅 = 444.08 Ω. The width of the platinum film is 
calculated from Equation (5-12) and from Equation (5-7) the thickness is calculated to 
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be 𝑡𝑡 = 2.435 nm. This is very thin and may be difficult to make in practice. It is deposited on 
the glass substrate with the same dimensions as the thin film. 
 
The aim is to have power absorption at the centre frequency of operation that is f =10 GHz.  
Table 5-3 Parameters of design for thin platinum film on glass substrate to operate at f = 10 GHz in X-band 
waveguide 
Parameter Value Parameter Value 
Film height 10.16 mm Length to back-short 9.9 mm 
Film thickness 2.425 nm Guided wavelength 40 mm 
Film width 1 mm Film conductivity 9.52 e+6 S/m 
Substrate height 10.16 mm Film resistivity 10.6 e-8 Ω.m 
Substrate thickness 0.12 mm Substrate resistivity 1e+11 Ω.m 
Substrate width 1 mm Skin depth 1.631 µm 
Characteristic impedance 444.08 Ω   
 
 
Figure 5-13 VSWR versus frequency for X band waveguide with platinum film on the glass substrate- design 
parameters are given in Table (5-3) 
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Figure (5-13) shows the VSWR versus frequency graph. The VSWR of 1 is achieved at 
f=10 GHz; the parameters used to get this result are shown in in Table (5-3).  
 
Using the parameter values given in Table (5-3) for this design it is also simulated in CST 
MICROWAVE STUDIO and the S11 response is given in Figure (5-14). 
 
Figure 5-14 S11 versus frequency for X band waveguide with platinum film on the glass substrate- design 
parameters are given in Table (5-3) 
 
Figure (5-14) shows the figure of S11 of the thin platinum film on the glass substrate in the X-
band rectangular waveguide. It is located at 𝜆𝜆𝑔𝑔/4 to the short circuit termination to achieve 
the matching circuit at f = 10 GHz. As seen in this graph the minimum S11 is achieved at 
f=10.5 GHz to be -14 dB. Since the aim is to get this minimum at f =10 GHz, optimization is 
used to alter the initial values of length, width and thickness. 
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Figure 5-15 Optimized S11 versus frequency for X band waveguide with platinum film on the glass substrate- 
initial design parameters are given in Table (5-3) 
 
Figure (5-15) illustrates the S11 response of the optimized design. Some of the initial 
parameters are slightly altered and the new values are: a distance length of 11.97 mm, film 
thickness of 2.38 nm and width of 1.02 mm; which have resulted in getting the minimum S11 
of -16dB at f=10 GHz. This shows that the element is properly absorbing the power at the 
desired frequency. 
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Figure 5-16 VSWR versus frequency of the optimized response, Figure (5-15), for X band waveguide with 
platinum film on the glass substrate 
 
Figure (5-16) shows the VSWR graph versus frequency that is plotted in CST 
MICROWAVE STUDIO following the S11 graph given in Figure (5-15). This is plotted in 
order to compare directly with the VSWR plot based on Table (5-3), Figure (5-13). The 
minimum value is at f =10 GHz and it is about 1.39 which is not same as Figure (5-13). This 
is expected since the S11 results in Figure (5-15) are not very low.  
 
The S11 result of around -16 dB in Figure (5-15) for the platinum film is not as good as the 
result of Nichrome film -29 dB in Figure (5-8). Both results are good, representing an 
excellent power absorption by the thin film. However, despite work to reduce the -16 dB in 
the optimizer, this has not been possible. The residue reflection in both cases can be 
explained by the film/substrate combination not being represented by a perfect series 
combination of an inductor and resistor. In fact the equivalent circuit is more complex 
resulting in the residual reflection, the case of the platinum film seems to have more 
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reflection. To overcome this further work on the shape of the film/substrate is require to 
further optimize the reflection coefficient. Because of the relatively good results, of -16 dB 
and -29dB, this has not been done. 
 
In this chapter the experimental nichrome design of Lane and Evans was verified and based 
on the confirmed theory a new platinum thin film element was designed that is fully working.  
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CHAPTER 6 – CONCLUSION AND FUTURE WORK 
 
Power and power detection are important, especially at microwave frequencies because 
the parameters of voltage and current are difficult to measure at these frequencies. 
Therefore power becomes an important parameter and knowledge about it is critical for 
work in this frequency range [1] [3]. 
 
The lack of knowledge about the power restricts progress and advancement in many 
different applications. The existence of a simple power detector for high frequency 
signals, allows easier power measurement that leads to improvement and developing new 
equipment, applications and methods in scientific areas such as astronomy, satellite 
communications, medical diagnosis, imaging and many more. All these areas require 
accurate knowledge of power in order to be able to function and progress correctly and 
efficiently and they would benefit from an accurate linear and repeatable power detector 
[11] [12] [27]. 
 
An extensive background survey has been carried out around the principles of power 
detectors and methods of power detection in order to understand its concepts and the 
available methods. The aim is to produce a linear waveguide bolometer with a resistance 
changing heat sensitive bolometer element to work at mm-wave frequencies. To be able 
to design this power detector, the principles of bolometers’ performance were studied and 
understood.  
 
The proposed structure in this thesis is designed at X-band (8.2-12.4 GHz) using a WR90 
waveguide. Two heat sensing elements are modelled here; one is an inductive metal post 
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and secondly a thin film element. Using the theory and calculations the dimensions for a 
bolometer with a resistive metal post are determined and the model is simulated. Good 
power absorption is achieved for the designed structure, although the material that is used 
to make the post is not practical. Then using a similar approach and following a paper, the 
thin film element was designed and simulated and good power absorption was achieved. 
The waveguide with the power-absorbing element is the main deliverable factor of this 
project. The proven theory can be used to design power detectors in smaller waveguides 
at the higher frequency bands with WR3 and WR6 waveguides.  
 
6-1 Limitations 
 
The designed power absorbers sense the power, work in the characterized frequency 
range and specifically absorb the power mostly at the centre frequency of operation, as 
was desired. The design with the post works well, but the material of which the post is 
made is not a common material and only the electrical conductivity of it is known. 
Therefore it has not been possible to test this design practically with a conventional 
X-band waveguide and metal post. It is not possible to find a suitable material for the post 
as no obvious, simple materials are immediately available. 
 
6-2 Future work 
 
In this work the thermal properties of the power sensor have not been considered; this is 
crucial to making a practical device. The power sensor element must be terminally 
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isolated from the waveguide walls in order have the highest sensitivity. In addition the 
power sensors element must be electrically isolated from the microwave radiation, so that 
no energy escapes into the external electronics of the Wheatstone bridge. Both these 
considerations are interesting practical aspects which must be considered in future work. 
 
This project has the potential to be developed vastly. The concept of matching and design 
are explained and validated step by step; therefore it would be straightforward to use it 
with other different power sensing elements and design other simple power detectors.  
 
Further work could be carried out to find an applicable common material for the post and 
test the design practically. As for the thin film element, the theory can be used for other 
thin film materials and for higher frequencies. 
 
Nowadays semiconductor and terahertz technology are developing at a fast pace; 
therefore there is a need for accurate power detection at those frequencies, not only for 
laboratory use but for industries as well. Different projects will definitely be proposed to 
design power detection for these frequencies. The method used in this project can be used 
for higher frequencies by doing the calculations and altering the dimensions to be 
compatible with high frequency signals. At the moment there is demand for WR6 and 
WR3 waveguide power detectors, so this work can be developed and used to contribute to 
these types of bigger projects. Micro-machined technology can be used to make these 
high frequency new designs [11] [12] [27] and the equations developed here are valid for 
all of them. 
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APPENDIX 1 
Resonator Based Orthomode Transducer 
A1- Introduction 
 
The first part of the work described below was done in the final year project in 2012 [54]. 
However significant extra work was done in the MSc by Research primarily on optimization 
in section A4-2. 
 
An Orthomode transducer (OMT) is a passive microwave device. It is a polarization 
duplexer; that separates or combines two waves with orthogonal polarizations of dominant 
mode in the same band of frequency; it can be used as a transmitter or a receiver. It allows 
frequency reuse of available frequency bands by transmitting and receiving signals which are 
in orthogonal polarizations with each other, simultaneously [55]. 
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Figure A1 Simple OMT-taken from [56] 
 
A simple OMT is designed here; it is made of three waveguides in total. Figure (A1) shows 
the structure diagrammatically [3]. Two of those are rectangular waveguides that are the arms 
connected to sides of the common square waveguide. There is a single wave travelling in the 
common waveguide that has dual polarization and can be decomposed in two waves which 
have orthogonal polarization with respect to each other. Each of these decomposed waves 
will travel through one of the rectangular waveguide arms, depending on which they are 
matched to. The OMT has three physical ports one for each waveguide and four electrical 
ports. Two of the electrical ports are for the common waveguide that supports two 
polarisations and the others are for the separate physical ports containing the single and 
separated polarisations [43]. The orthogonal dominant modes are TE10 and TE01 in the square 
waveguide; each of them will be routed to the appropriate output port [56] [57]. 
 
Some important criteria in designing an OMT are return loss, insertion loss, cross-
polarization and isolation [58]. The performance of the design is verified using mainly return 
loss and insertion loss throughout this report and isolation is verified later.  
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A2- CST Designs 
 
The software employed to design and simulate different structures in this project is CST 
STUDIO SUITE [59]. Designs and S-parameter graphs are generated using the frequency 
domain solver of software. All the waveguide bodies are made of Perfect Electric Conductor 
(PEC) and filled with Vacuum dielectric. The frequency band of operation is X-band with 
frequency range from 8.2 GHz to about 12.4 GHz. The rectangular waveguide operating in 
this band is called WR90 and its dimensions are 0.9×0.4 inches=22.8×10.16mm. The mode 
of interest for operation is the dominant mode of rectangular waveguide which is TE10 mode. 
It has the lowest cut-off frequency of fc ≈ 6.57 GHz in the band and therefore reduces the 
probability of existence of other higher order modes as they have higher cut-off frequencies 
[60]. For a square waveguide the dominant modes are TE10 and TE01 which here are referred 
to as mode 1 and mode 2, respectively. The proposed filter to be used in the OMT is a third 
order bandpass filter. It is a Chebyshev filter with 2% fractional bandwidth from 9.9 GHz to 
10.1 GHz. The centre frequency is 10 GHz with the return loss of 20 dB. 
 
A2-1 Basic OMT design without filtering 
 
The object of this work is to produce an OMT based on coupled resonators which includes 
filtering as well as the polarisation split. However, in order to understand the basic properties 
of the structure we initially look at a structure which has no filtering. The idea for the design 
is coming from [61]. The square waveguide has port 1 at its cross-section has area of 
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22.8 mm×22.8 mm. The guided wavelength (λg) at centre frequency f = 10 GHz is calculated 
as below: 
𝜆𝜆𝑔𝑔 = 2𝜋𝜋𝛽𝛽 = 39.84 mm ≈ 40 mm (A-1) 
 
The design has one of the output arms perpendicular to the square waveguide and it is 
connected to the centre of the wall of that guide. The second rectangular waveguide is 
connected to the back of the square waveguide in line with the waveguide’s propagation axis, 
so it is perpendicular to the other waveguide arm connected to common guide. This structure 
is designed based on [61] [62] and shown in Figure (A2). The dimensions for this design are 
provided in Table (A1). 
 
Table A1 Parameters and their values for the OMT design. 
Parameter Value (mm) Description 
a 11.4 Length of the rectangular cross section (port 2)  
a 11.4 Square waveguide's width 
b 5.08 Width of the rectangular cross-section (port 2) 
c 50 The length of waveguide (port 2) 
d 11.4 Length of the rectangular cross section (port 3) 
e 5.08 Width of the rectangular cross-section (port 3) 
f 50 The length of waveguide (port 3) 
z 104 Square waveguide’s length 
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Figure A2 OMT design structure indicating mode TE10 at port one. The structure is designed in CST software  
 
Figure (A2) shows the OMT structure with electric field of TE10 mode of the dual mode 
square waveguide which is the input mode used for the next few results. The electric field 
arrows of this mode are perpendicular to the x axis and have appropriate polarisation to 
couple to port 3. The direction of the electric field patterns for port 2 couples to the TE01 
mode (not shown) of the square waveguide. So for mode TE10 at the square waveguide, due 
to the similarity in the orientation of electric field patterns, most of the power of the correct 
polarisation will come out of port 3. 
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Figure A3 S31 graph of the designed OMT for mode TE10- Generated in CST software by the student 
 
As can be seen in Figure (A3) the S31 response shows that the wave has been transmitted 
through waveguide with port three with very low loss. The amount of power which is lost in 
transmission through this branch is only about 2 dB.   
 
 
Figure A4 S21 graph of the designed OMT for mode TE10- Generated in CST software by the student 
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The S21 response in Figure (A4) shows that due to the incompatible polarisation mode of the 
waveguide with port 2 with input mode, nearly no power is transmitted through that port. For 
TE01 mode, the electric field arrows are horizontal to the x axis. Therefore the wave goes to 
the other branching waveguide port which is port 2.  
 
 
Figure A5 S21 graph of the designed OMT for mode TE01- Generated in CST software by the student 
 
As seen in Figure (A5) almost all the power is coming out of port 2 but there are three large 
dips in the S21 response; showing that the diplexer for this mode is working in adjacent 
narrow bands of about 2 GHz wide and does not cover all the frequency band at once. For 
frequencies above 10.5 GHz there is a maximum loss of about 6 dB which is not very high. 
Meanwhile, the S31 in Figure (A6) has low value showing that negligible amount of power 
comes out of it.  
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Figure A6 S31 graph of the designed OMT for mode TE01- Generated in CST software by the student 
 
A2-2 Determination and Improvement 
 
In the S21 response as shown in Figure (A5), there are some dips which are desired to be 
removed. For mode TE01 the widest power transmission is between 8.5 GHz and 10.5 GHz 
but there is a very large dip at f = 10.5 GHz which is very close to f = 10 GHz, which is the 
desired centre frequency of the design, thus it is desired to be moved away. These dips are 
assumed to have occurred because of the way the branches are connected to the square 
waveguide that have created resonance [61]. The design of the structure is required to be 
improved to have the widest possible frequency range of power transmission in the X-band 
frequency centred at 10 GHz.  
 
The parameter sweeping feature is used to change the location of the orthogonal waveguide 
with respect to the back of the square waveguide to find the most suitable position that leads 
to a better response. By changing this length and considering the relationship between 
wavelength and operation frequency, the peak of power transmitted on the S21 graph moves 
on the frequency axis and can be aligned to 10 GHz. As the orthogonal arm is moved away 
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from the back of square waveguide, the minimum attenuation in passband moves to lower 
frequencies. Better power transmission is achieved at f = 10 GHz when the distance is about 
28 mm and the peak frequency is located at 9.63 GHz. 
 
Figure A7 Improved S21 response to mode TE01 in the second OMT design- generated by student in CST 
software 
 
The optimum length has found to be 28.93 mm and S21 is shown in Figure (A7). Knowing 
that the guided wavelength is 40 mm, the position of the centre of perpendicular waveguide 
arm cross-section has been altered by 72.25% of 𝜆𝜆𝑔𝑔. It is located at approximately 
3𝜆𝜆𝑔𝑔
4
 from 
the end of the square guide. A sufficiently wide band of frequency from 8.2 GHz to 11.7 GHz 
that has the maximum power transmission for this response with the most achievable power 
transmission at f = 10 GHz, is found. 
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A2-3 Isolation 
 
Isolation is the measure of leakage of the power from one waveguide arm, to the other arm 
[11]. It is useful in determining the performance of an OMT, knowing that high port isolation 
is desired. The S32 or S23 responses determine how much power is exchanged between the 
two ports.  
Figure (A8) shows the isolation between port 2 and 3 for the OMT design for propagation of 
mode TE10. As shown in figure the S32 response is -200 dB. This value implies that almost no 
power has been exchanged between these ports for this mode. Therefore for this OMT the 
output responses of two ports are independent of each other and the results are reliable. 
 
 
Figure A8 isolation between waveguide arms in the OMT design- generated in CST software by student 
 
The above OMT works but it is not optimum. In the following a new approach based on the 
principle of coupled resonators will be used in order to get narrow bandwidth of the OMT 
and filtered outputs, but at the same time greatly improve the performance as well. 
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A3- Filter design 
 
The objective is to include coupled resonators to improve the performance of the OMT. In 
order to do this we first discuss the design of a simple filter. A simple direct coupled 
resonator filter is designed based on the principles of filter design in [63]. It is a third order 
Chebyshev band-pass filter working in the X-band of frequency with bandwidth of 200 MHz, 
centred at frequency of 10 GHz and with return loss of 20 dB.  It consists of three cavity 
resonators coupled together. Figure (A9) shows that for resonators 1 and 3 at the two ends, 
the coupling is measured with 𝑄𝑄𝑒𝑒1 and 𝑄𝑄𝑒𝑒2 and between the resonators coupling is measured 
with 𝐾𝐾𝑐𝑐. 
 
 
Figure A9 The block diagram of the third order resonator filter to be designed- drawn by the student 
 
The equal pass band ripple corresponding to 20 dB, return loss is calculated as follows [63]: 
LR =  −20 dB 
L𝐴𝐴𝑜𝑜 = −10 𝑅𝑅𝑅𝑅𝑅𝑅(1 − 100.1LR)  𝑑𝑑𝑅𝑅 = 0.043 dB (A-2) 
 
The insertion loss ripple is therefore 0.043 dB in the pass-band region, between frequencies 
of 9.9 GHz and 10.1 GHz [40]. The normalized prototype element g values of the third order 
Chebyshev filter with the determined pass-band ripple are found to be as follows [63] 
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g0 = 1, g1 = 0.8516, g2 = 1.1032, g3 = 0.8516, g4 = 1 
 
 
Figure A10 Structure of third order direct coupled cavity filter- Designed by student in CST 
 
To create the filter shown in Figure (A10), four irises are added with half guided wavelength 
distance from each other in a WR90 waveguide and resonators are made by inductive iris 
apertures. The size of the apertures is important as they have direct effect on the response of 
the filter, so they should be calculated concisely. This is discussed below 
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A3-1 Quality Factor 
 
To find the dimensions of the apertures, the value of the external Q factor for the filter 
specifications can be calculated by [63] 
Qe1 = Qe2 = gngn+1FBW = 42.58 (A-3) 
 
Where, Qe1 and Qe2 are the two dimensionless external Q factors of two ends of the filter. 
They have same values so the size of the gap in the irises at both ends must be equal. The 
fractional bandwidth (FBW) is conventionally equal to the 3 dB bandwidth divided by centre 
frequency but in this case is the ripple bandwidth.  
 
Since the material used in constructing the cavity resonator in the simulation is a perfect 
electric conductor (PEC) and the filling dielectric is vacuum and both are lossless, therefore 
the unloaded Q factor of cavity is infinite and it is eliminated from consideration. 
 
The aperture width in the inductive irises are tuned until the value found for the quality factor 
from the response, is same as it is calculated by the equations following the method described 
in [35] [63]. This gap size is responsible for the amount of power that is transmitted in or out 
of the resonator, and determines the external quality factor Qe. As the size of the aperture in 
the iris increases, the quality factor of resonator decreases. For very narrow apertures in the 
iris very high value of quality factor are reachable. To achieve Q = 42.58 the width of the 
aperture is found to be around 10.5 mm. 
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By changing the aperture size in one iris, the electrical length of the resonator also changes 
due to the additional loading. So to have the resonant peak at the specified centre frequency 
(10 GHz), the length of waveguide section between the irises has to be modified as well; this 
has been done in attaining the aperture of 10.5mm 
 
A3-2 Coupling coefficient 
 
Coupling of the resonators is done through an iris between resonators in the centre of the 
structure. The size of the aperture determines the strength of this internal coupling [35]. In 
order to achieve the specified filter response, the coupling coefficient between first and 
second resonators is calculated by: [63] 
M1,2 = FBW
�g1g2
= 0.0206 (A-4) 
 
To be able to find the appropriate size of aperture that corresponds to the determined 
coupling coefficient, at least two resonators are adjusted. These resonators are coupled by an 
inductive iris and the technique described in [35] [63] is used to determine their size. The 
apertures in the two outer irises (controlling Qe) should be made really narrow to provide 
very weak external coupling in order for the coupling coefficient to be found accurately. By 
changing the width of the gap in the iris in the middle, different values for the coupling 
coefficient can be calculated. These changes in the aperture dimension affect the centre 
frequency of response. Therefore the response has to be adjusted to be centred on the desired 
centre frequency of operation, by changing the lengths of the two coupled resonators by same 
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value, simultaneously. As the size of the aperture increases the coupling coefficient also 
increases. Meaning that, if the gap between the resonators is large, more energy can easily be 
transferred between the two resonators. The coefficient of coupling between two resonators is 
calculated by: [60] 
Kc = f22 − f12f22 + f12 (A-5) 
Where, Kc is the coupling coefficient between two resonators having the resonant frequencies 
at f1 and f2. This process is described in references [35] [60] [63]. The S21 response relating 
to this coupling coefficient for the structure to be designed, has the two resonant peaks found 
at f = 9.889 GHz and f = 10.106 GHz and is centred at f = 10 GHz. This gives values of 7 mm 
for the iris aperture sizes in the designed filter. The dimensions can now be used to construct 
the filter. 
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A3-3 Direct coupled cavity filter response 
 
 
Figure A11 Initial response of designed filter including S11and S21 graphs-generated by student using CST 
 
Figure (A11) demonstrates the initial response of the filter with the dimensions obtained in 
the previous sections; it does not meet the exact desired filter characteristics, but is not far 
off. The pass-band of the filter is below the centre frequency and the ripples are not equal and 
the return loss is between 15 dB and 37 dB. This is because the parameter values used in 
designing this filter may not be accurate because of approximations (such as narrow band). 
An optimization is required to achieve the final accurate result [51]. The optimised results are 
shown in Figure (A12) and the dimensions which give this are in Table (A2). 
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Table A4 Parameters and their values for the 3rd order filter design. 
Parameter Value (mm) Description 
a 5.367 External Q aperture 
b 3.4 Coupling coefficient aperture 
d 20 Length of outer waveguide section 
j 16.845 Length of 2nd and 4th sections 
l 18.355 Length of middle section (Kc) 
t 2 Thickness of iris 
 
 
Figure A12 Optimized response of designed filter, including S11 and S21 graphs- generated by student in CST 
 
Figure (A12) shows the filter response after optimization. This response closely meets the 
desired filter characteristics. The response has a pass-band with bandwidth of 200 MHz 
which is perfectly centred at 10 GHz. The S11 response, the pink curve, shows the return loss 
of about 20 dB at the bandwidth which shows that the desired amount of power is passed 
through the filter and not much is reflected back. The S21 response shows that below and 
above the filter passband region energy starts to attenuate and for higher and lower 
frequencies energy is rejected and almost no power is transmitted through the filter.  
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A4- Filter based Orthomode Transducer 
 
The aim of this work is to design a new type of OMT which performs filtering as well as 
polarization duplexing. It is done by integrating the designed OMT and the rectangular direct 
coupled filter.  
 
Figure A13 Structure of filter based OMT- Designed by student in CST 
 
Figure (A13) shows the structure of the filter based OMT that consists of a square waveguide 
connected to two rectangular waveguides, including inductive irises to perform as direct 
coupled cavity filters. The filtering task is done by the filter in each of the rectangular 
branches on the single polarized wave passing through that branch. This filter configuration is 
to obtain the maximum achievable matching between the filter and its input polarization. 
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Initially the same dimensions that were found for the rectangular direct coupled filter, 
designed earlier, were inserted for each of the rectangular waveguide branches of the OMT. 
There is only one difference in the structure of the single direct coupled waveguide filter and 
the filters in the OMT branches that, the irises for these filters are located at the connecting 
edge of the waveguide arms to the common square waveguide. The external Q of the 
resonators connected to the square waveguide is now different from the external Q for the 
stand along filter giving potential different iris sizes.  The initial responses are given here 
followed by an optimisation. 
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A4-1 Initial Response 
 
 
Figure A14 Initial response of port 3 of filter based OMT to mode TE10, including S11 and S31- generated by 
student in CST 
 
Figure (A14) shows the graphs of the initial S31 and S11 responses of waveguide filter arm 
connected at the back of square waveguide, to mode TE10. This waveguide arm is confined to 
this mode, therefore as shown in S31 graph, mode 1 (TE10) is filtered in this branch. But the 
pass band of filter is centred at frequency 9.6 GHz and bandwidth is larger than 200MHz. On 
the other hand, the S11 graph for this mode indicates return loss of about 5 dB which is lower 
than the expected filter characteristic.  
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Figure A15 Initial response of port 2 of filter based OMT to mode TE01, including S11 and S21 graphs-generated 
by student in CST 
 
Figure (A15) shows the graph of the initial response of the orthogonal waveguide filter 
connected to the circumference of the square waveguide, to mode TE01. The S21 graph shows 
that only for a small band of frequency, mode 2 (TE01) is passed which is not the bandwidth 
that the filter it is specified to work in. The S11 graph indicates return loss of about 5 dB 
which is not desired.  
 
Some of the initial values inserted for the dimensions of the filters are based on 
approximations, therefore the initial responses differ from the desired filter output and more 
accurate results can be obtained by optimizing these values. 
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A4-2 Optimisation 
 
To improve the responses of the designed filter based OMT different optimization methods 
have been used and the best results are shown here. Optimization feature of frequency solver 
in the CST MICROWAVE STUDIO 2014 is used to optimize the results. In the optimization 
the dimensions of the filter are tuned in a way to produce the closest possible result to the 
characterized filter, based on the inserted initial values. These results are valid since the 
initial responses were based on the approximations involved in the calculations and 
measurements [51]. 
 
The algorithm of optimization used to derive the figures below is “Trust region framework”. 
The percentage of initial value is set to 45% and the simulation duration was more than a day 
each time. The goal was set to “sum of all goals”. Different algorithms and different 
percentages of initial values have been tested and finally the results provided below are 
recognized as best so far. 
 
There are two perpendicular electrical modes exist at the square waveguide they are TE10 
mode which is addressed as mode 1 and TE01 mode which is addressed as mode 2. Mode 1 
(TE10) will travel in waveguide arm with port 3 and mode 2 (TE01) will only propagate in 
waveguide arm with port 2. 
 
The desired response is to get 
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S3(1),1(1) > -0.043 dB   between frequency range 9.9 - 10.1 GHz 
S2(1),1(2) > -0.043 dB   between frequency range 9.9 - 10.1 GHz 
S3(1),3(1) < -20 dB         between frequency range 9.9 - 10.1 GHz 
S2(1),2(1) < -20 dB         between frequency range 9.9 - 10.1 GHz 
S1(1),1(1) < -20 dB         between frequency range 9.9 - 10.1 GHz 
S1(2),1(2) < -20 dB         between frequency range 9.9 - 10.1 GHz 
 
However, the best results that have been achieved are much better than the initial response, 
but do not fully meet the specifications yet. Here the graphs of transmission and reflection of 
these modes in each of the waveguides are shown in figures (A16) to (A21). The red graphs 
represent the previous response before the final optimization and the green graph represents 
the best result after optimization. 
 
Table A5 Parameters and their values found for the optimized design. 
Parameter Value (mm) Description 
a 4.788 Coupling coefficient aperture at connection – port 3 
b 3.061 Coupling coefficient aperture – port 3 
c 5.012 Coupling coefficient aperture at connection – port 2 
d 17.314 Length of 2nd and 4th sections 
e 3.192 Coupling coefficient aperture – port 3 
f 5.18 External Q aperture- port 2 
g 5.053 External Q aperture- port 3 
j 17.139 Length of 2nd and 4th sections 
l1 18.681 Length of middle section (Kc) of port 3 
l2 18.596 Length of middle section (Kc) of port 2 
t 2 Thickness of iris 
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Figure (A16) below shows the graph of S11 for mode 1 (TE10) being reflected in the square 
waveguide. 
 
 
Figure A16 S11 graph for mode 1 which is TE10 mode. 
 
The previous response and best response so far are very close and therefore the red graph is 
not visible on the figure. The S11 response for mode TE10 shows an excellent reflection at the 
frequencies were the energy has been rejected by the filter. While, at the operation bandwidth 
of the filter, which is achieved perfectly, the return loss is about 8 dB which is not as high as 
required. The S11 response is about -8.8 dB at centre frequency (10 GHz) which is much 
better that the previous response and the ripples are between -8.5 to -8.8 dB. At about f =9.9 
GHz which is the lower frequency of bandwidth suddenly the response goes down to -31.8 
dB. 
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Figure (A17) shows the graph of S11 for mode 2 (TE01) being reflected in the square 
waveguide. 
 
 
Figure A17 S11 graph for mode 2 which is TE01 mode. 
 
The minimum return loss at the passband of filter is about 6.5 dB at f = 10 GHz but at about 
9.9 GHz which is the lower frequency of bandwidth it goes down to -19.6 dB. The S11 
response for this mode shows an excellent reflection at the stopband range, where the energy 
has been rejected by the filter. 
 
Figure (A18) shows the graph of S21 for mode 1 (TE10) being transmitted through waveguide 
with port 2 which is the second mode in the square waveguide (TE01). 
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Figure A18 S21 graph for mode 2 of square waveguide (TE01) which is the only mode of waveguide with port 2. 
 
The S21 response shows that wave with TE01 mode is rejected for frequencies below 9.9 GHz 
and above 10.1 GHz. Only 200 MHz of the wave, exactly the desired bandwidth, centred at 
f =10 GHz is passed through the filter. The S21 response for this mode (TE01) is about -1.1 dB 
at 10 GHz and the ripples are between -0.05 to -0.5 covering the desired bandwidth. 
 
Figure (A19) shows the graph of S22 for the only mode (mode TE10) of this rectangular 
waveguide (port 2). This figure shows how much of the signal is reflected in this waveguide. 
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Figure A19 S22 graph for waveguide with port 2. 
 
The maximum S22 response at the passband for mode being transmitted in that waveguide is 
about -6.5 dB at f =10 GHz, but at about f = 9.9 GHz which is the lower frequency of 
bandwidth it goes down to -19.6 dB. This is very similar to the graph of S11 for the second 
mode (TE01) in the square waveguide which is the mode that is transmitted in this waveguide. 
 
Figure (A20) shows the graph of S31 for mode 1 (TE10) being transmitted through waveguide 
with port 2 which is the second mode in the square waveguide (TE01). 
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Figure A20 S31 graph for mode 1 of square waveguide (TE10) which is the only mode of waveguide with port 3. 
 
The S31 graph shows the output wave at port three which has been filtered. The only 
frequency band that energy is allowed to pass is between 9.9 GHz and 10.1 GHz which is the 
desired operation bandwidth and also it is perfectly centred at 10 GHz. The S31 response for 
mode TE10 is about -0.8 dB at 10 GHz and the ripples are between -0.08 to -0.3 dB covering 
the desired bandwidth. 
 
Figure (A21) shows the graph of S33 for the only mode (mode TE10) of this rectangular 
waveguide (port 3). This figure shows how much of the signal is being reflected in this 
waveguide after optimisation. 
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Figure A21 S33 graph for waveguide with port 3. 
 
The maximum S33 response at the passband for wave is about -8.35 dB at f =10 GHz but at 
about  f = 9.9 GHz which is the lower frequency of bandwidth it goes down to -28.24 dB. 
 
A-4-3 Isolation 
 
Figure (A22) shows the S32 response of the final filter-based OMT design. It shows the 
isolation between port 2 and 3 of the structure. It is understood from the graph that no 
measurable energy is transferred between these ports.  
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Figure A22 S32 response which shows high port isolation between two waveguide arms of filter based OMT- 
generated by student in CST 
 
A-4-4 Conclusion 
 
The OMT based on filters is a new concept and this work is the first to investigate it. 
Although the filter structure has not been optimised exactly to the specific response, the 
results do demonstrate that the concept works. More work needs to be done on the external Q 
relating to the resonators connecting the filters to the square waveguide. It is possible that the 
required external Q is not available and the junction geometry needs changing or the filter 
bandwidth reduced. 
 
